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FOREWORD 
This dissertation was written in the context of the project “Finalisation de la Carte 
Pédologique du Rwanda”, realised at the Laboratory of Soil Science, Ghent 
University and financed by the BADC (Belgian Administration for Development 
Cooperation). During two consecutive phases a large digital natural resources 
database was built and transferred, and new users were trained in GIS 
(geographical information system) techniques. The database is almost unique in 
detail, extent and accessibility, but much dedication is yet required to keep the 
information up to date and to realise numerous valuable and multidisciplinary 
projects. With this dissertation, I hope to give the new users an example on how to 
analyse and organise the digital data, integrate it with their experimental 
knowledge and translate this all into guidelines for agricultural production. In my 
eager to describe the elaborated technologies as transparent as possible, the 
dissertation finally turned out to be voluminous and the many maps had to be 
organised in a second volume.  
A great number of individuals played a supporting role during this research period. 
My promotor, Prof. Dr. Eric Van Ranst, gave me the opportunities to expand my 
experience in many different ways and offered a lot of constructive comments and 
critique. Highly constructive has been the support of Em. Prof. Dr. Carolus Sys on 
qualitative land evaluation techniques. Prof. Dr. ir. Hubert Verplancke is 
acknowledged for sharing his knowledge on modelling the water balance 
components and for the interest and useful information. I am thankful to Prof. Dr. 
Geert Baert and Winfried Bouckaert for their support with respect to soil survey, 
tropical soils and GIS. Prof. Dr. Roger Langohr offered useful comments for the 
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classification of the Rwandan soils. The research conducted by the thesis students 
of the Faculty of Agricultural and Applied Biological Sciences and the 
International Postgraduate for Soil Scientists has given a sound basis for orienting 
my research. Highly motivating and inspiring were also the meetings with the three 
Rwandan trainees: Vincent Ngarambe, Didace Kayiranga and Louis Rudasingwa. 
Thanks also to my colleagues at the Laboratory of Soil Science for the technical 
support and encouragement.  
Special thanks go to my parents Lucien Verdoodt and Godelieve Van Den Bossche 
for giving me the opportunity to concentrate on my research, for their patience and 
continuous encouragement. I’m also very thankful to my brother Philip Verdoodt 
for the many hours of technical support, upsetting his study schedule during the 
exams. My friend Dennis Nerinckx has been very helpful in organising the climatic 
database and I am especially thankful for his listening ear and patience. Next to all 
theoretical and technical support, to opportunities and encouragement, to 
inspiration and motivation, finishing of this thesis has been made much easier by 
the confidence that friends and neighbours have shown in me and in my work. Of 
them, René Steemans was my staunchest supporter and to him I wish to dedicate 
this dissertation.  
Ghent, June 2003      
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ABSTRACT 
Land scarcity and high demographic pressure forced the Rwandan farmers to clear 
pastures and woodlots and cultivate their crops year after year on often poor soils 
and steep-sloping fields. Nowadays, the effects of soil erosion and nutrient mining 
are reflected in decreasing yields. In order to stop the ongoing soil degradation and 
increase crop production, the new agricultural policy is oriented towards 
intensification, diversification and regionalisation, making optimal use of the 
available resources and encouraging fertilisation and terracing. A first initiative 
towards the realisation of these objectives was taken in 1981 with the creation of a 
large natural resources database offering numerical and spatial information at 
national and regional scales.  
 
This dissertation describes the elaboration and application of several agricultural 
land evaluation tools adapted to the specific physical environment and available 
land resources data in Rwanda.  
 
The elaboration of a land capability classification system at scale 1:250,000 proved 
to be useful in selecting the arable land. Crop–specific requirements with respect to 
climate, landscape and soil, were incorporated in a land suitability classification 
system giving the suitability of the arable land for the cultivation of 12 important 
crops. Analysis of the results proved that there are clear options for crop 
regionalisation, with the variability in climatic conditions being the most important 
determinant. The spatial and temporal scale of the input data, however, were 
insufficient to represent the rapidly changing climatic conditions, slope steepness 
and soil characteristics that were observed when studying the daily climatic records 
and the soil maps and corresponding soil profile database at scale 1:50,000. 
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In order to solve these limitations, a two-level hierarchical crop growth model was 
elaborated, optimally using the available natural resources data. The first 
production level, simulated the radiation-thermal production potential of 
groundnut, common bean, sorghum, maize and potato, cultivated near 6 
meteorological stations in very different agro-climatic zones. Availability of water 
and oxygen determined crop growth at the second production level, giving the 
water-limited production potential of these crops cultivated on fields characterised 
by varying slope gradients and soil water retention characteristics. The model 
revealed water stress conditions at the start and end of the crop cycle seriously 
affect crop development. High inter-annual variability in rainfall frequency further 
complicates the choice of the sowing date. Water supply from a shallow 
groundwater table, assumed to be at a fixed depth, could not be modelled 
satisfactorily without analytical data describing the relation between water content 
and hydraulic head. Run-off on steep-sloping hillsides doesn’t directly affect crop 
yield in the high rainfall regions, but limits the replenishment of the soil water 
reserves and affects crop yield in the drier lowlands. Apart from the total rainfall 
amounts and frequency of moderate rain showers, water availability was found to 
be strongly dependent on the water retention properties of the soil, the water 
extraction power of the crop and the rooting depth. This availability of water limits 
the number of crops that can be harvested yearly from the same field in the eastern 
lowlands. In the highlands, the crop cycle length generally is so long that only one 
crop can be cultivated annually.  
 
The modelling performance was validated through a comparison with other model 
results and reported yield data. A close match between estimated and reported yield 
data was found with respect to common bean, sorghum, and potato. The model 
overestimated the production potential of groundnut and maize.          
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SAMENVATTING 
Grondgebrek en een hoge demografische druk noodzaakten de Rwandese boeren 
tot het in gebruik nemen van weilanden en bosgronden en het jarenlang cultiveren 
van gewassen op vaak arme bodems en steile percelen. Tegenwoordig reflecteren 
dalende opbrengsten de impact van bodemerosie en –verarming. De nieuwe 
landbouwpolitiek, gericht op intensivering, diversificatie en regionalisatie, 
optimaal gebruik makend van het land en met aandacht voor bemesting en 
terrassering, wil de voortdurende bodemdegradatie te stoppen en de opbrengsten te 
doen stijgen. Een eerste stap voor de realisatie van deze doelstellingen werd gezet 
in 1981 toen met de creatie van een grote databank van natuurlijke hulpbronnen 
werd gestart. De databank stelt zowel numerieke als ruimtelijke informatie over de 
aanwezige natuurlijke hulpbronnen ter beschikking.  
 
Dit proefschrift beschrijft de ontwikkeling en toepassing van verschillende 
landbouwkundige landevaluatie technologieën, aangepast aan het specifieke 
Rwandese milieu en aan de beschikbare informatie.  
 
De ontwikkeling van een landvermogensclassificatie, gebruik makend van de 
ruimtelijke informatie op schaal 1:250,000, liet toe het beschikbare bebouwbare 
land te selecteren. De incorporatie van gewasspecifieke vereisten met betrekking 
tot klimaat, landschap en bodem, leidde tot de ontwikkeling van een 
landgeschiktheidsclassificatie dat de geschiktheid van het bebouwbaar land voor de 
cultivatie van 12 belangrijke gewassen bepaalde. De variabiliteit in klimatologische 
omstandigheden bleek hiervoor de belangrijkste determinant te zijn. De ruimtelijke 
en temporele schaal van de gegevens daarentegen waren onvoldoende om de snelle 
wijzigingen in klimaat, hellingsgraad en bodemkarakteristieken, opgemerkt bij het 
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analyseren van de dagelijkse klimaatswaarnemingen en de bodemprofielen 
databank en bodemkaart op schaal 1:50,000, weer te geven.  
 
Om deze beperkingen te elimineren, werd een 2-lagig, hiërarchisch 
gewasgroeimodel ontwikkeld dat optimaal gebruik maakte van alle beschikbare 
informatie over de natuurlijke hulpbronnen in Rwanda. Op het eerste 
productieniveau werd het radiatie-thermisch productie potentieel van aardnoot, 
boon, sorghum, maïs en aardappel, gecultiveerd nabij 6 meteorologische stations in 
zeer verschillende agro-klimatologische zones, ingeschat. De beschikbaarheid van 
water en zuurstof bepaalden de gewasgroei op het tweede productieniveau. Dit 
water-gelimiteerd productie potentieel werd bepaald voor dezelfde gewassen, 
gecultiveerd op percelen met variërende hellingsgraad en water 
retentiekarakteristieken. Het model toonde aan dat waterstress in het begin en op 
het einde van de gewascyclus een belangrijke impact heeft op de 
gewasontwikkeling. De keuze van de zaaidatum wordt verder bemoeilijkt door de 
hoge interjaarlijkse variabiliteit in neerslagfrequentie. Bij het gebrek aan 
analytische gegevens die de relatie tussen vochtgehalte en drukhoogte beschrijven, 
kon watertoevoer vanaf een ondiepe en constant veronderstelde grondwatertafel, 
niet op een aanvaarbare wijze gemodelleerd worden. Afvloeiing op steile hellingen 
had geen directe gevolgen voor de gewasopbrengst in de hooglanden, maar 
beperkte de opbouw van de bodemwaterreserve en de gewasopbrengsten in de 
drogere laaglanden. Afgezien van de totale neerslaghoeveelheden en de frequentie 
van matige regenbuien, bleek de water beschikbaarheid vooral afhankelijk te zijn 
van de water retentiekarakteristieken van de bodem, de water extractie 
mogelijkheden van het gewas en de worteldiepte. In de oostelijke laaglanden 
beperkt deze water beschikbaarheid het aantal gewassen dat jaarlijks kan worden 
geoogst op hetzelfde perceel.  
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Het gewasgroeimodel werd gevalideerd door vergelijking met de resultaten van 
andere modellen en met waargenomen opbrengstgegevens. Voor boon, sorghum en 
aardappel werd een goede overeenkomst tussen geschatte en waargenomen 
opbrengsten gevonden. Het gewasgroeimodel overschatte de productie van 
aardnoot en maïs.  
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CHAPTER 1. INTRODUCTION 
1.1. Focus on Rwanda 
Rapid population growth and declining agricultural productivity affect the 
livelihoods and very survival of millions of rural households throughout sub-
Sahara Africa. Perhaps nowhere have these effects been deeper or have they 
created greater hardship than among the farm population of Rwanda, where over 
90 % of the people live in rural areas and where virtually all rural households are 
engaged in agriculture (Clay, 1996).  
1.1.1. Physical environment 
Rwanda is a small mountainous country of 26,338 km² located at the centre of 
Africa, and enclosed by Uganda in the North, Tanzania in the East, Burundi in the 
South and Congo in the West. The landscape is dominated by hills with forested 
tops and cultivated hillsides ending in marshy valleys. Because of the high altitude, 
ranging between 970 and 4,507 m, this equatorial country is characterised by a sub-
equatorial climate. Temperature is relatively stable during the year, and ranges 
between 15 and 25 °C depending on the altitude. The highlands also receive more 
rainfall (> 2,000 mm annually) than do the lowlands, where the annual rainfall 
totals drop below 1,000 mm. Two rainy seasons, centred round April and 
November, and alternating with two dry seasons, can be distinguished. 
Nevertheless, even though the annual rainfall is relatively well distributed, rainfall 
events are erratic, especially in the East.  
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1.1.2. Agriculture 
The diversity in climatic conditions allows an important diversification from crops 
suited for tropical areas to crops adapted to temperate climatic conditions. The 
favourable temperature regime allows three agricultural seasons yearly. Two of 
these seasons correspond with the two rainy seasons. From June to September, a 
third harvest is possible of crops cultivated in the imperfectly to poorly drained 
valleys. Historically, Rwandan farmers settled along the upper ridges of their 
hillsides where soils were more fertile and cultivation was a simpler task than it 
was further down on the steeper slopes and in the marshy valleys. Immediately 
surrounding the household compound, they planted groves of bananas and other 
essential crops. Beyond the inner ring of bananas, a series of outer rings was 
customarily used to meet other nutritional needs of their households. The first one 
was cultivated intensely with annual crops for both home consumption and sale. 
Further down the hillside, they grew coffee. Beyond the coffee plots, the slope of 
the hillside was often at its steepest. The farmers reserved these areas for pasture 
and woodlots as well as for less important crops with frequent fallow periods. At 
the very outer rings, toward the base of the slope and in swampy valleys, they 
raised sweet potatoes and vegetables along ridges that were built to facilitate water 
drainage (Clay, 1996).  
1.1.3. Problems of land scarcity and demographic pressure 
In this small and very densely populated country, food production is insufficient to 
feed the population, nowadays exceeding 8 millions of inhabitants. In the past, 
Rwandan farmers have been able to exploit other areas of the country in response 
to the growing demographic pressure. In particular they moved to the drier eastern 
provinces that were previously the domain of the pastoralist population. Today, in 
absence of unoccupied lands, farmers cultivate the same holdings year after year 
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and in an increasingly intensive fashion. Land scarcity now has compelled farmers 
all over the country to depart from their traditional system and convert pastures and 
woodlots into cropland and cultivate fragile, steep-sloping fields. On average, the 
farms are smaller than 1 hectare (Clay, 1996). Other characteristics of the 
subsistence agriculture in Rwanda are the lack of individual and regional 
specialisation, a weak integration between agriculture and the economic markets 
and an important dependence on the climatic conditions (Imerzoukene and Van 
Ranst, 2001). Beans and sorghum, supplemented by sweet potatoes, cassava and 
peas are the principle food staples. Coffee and tea are important cash crops. 
Erosion and nutrient mining however, result in a serious decrease of the physical 
and chemical soil fertility and affect crop yields.  
1.1.4. Facing food insecurity and land degradation 
The government recognizes the environmental threats and food insecurity and 
follows a new agricultural policy, emphasising the importance of: 
 
• regional specialisation in order to profit from the environmental diversity of 
Rwanda and to maximise the yields of the most suitable crops in each region; 
• diversification of the agricultural production in order to meet the national and 
international demands and integrate agriculture on the economic markets; 
• intensification through the use of additional inputs (fertilisers) in order to 
increase the yields; 
• optimal valorisation of all available land through feasible practices controlling 
the availability of water and nutrients; and 
• education of the farmers so that they are able to select relevant management 
options (Imerzoukene and Van Ranst, 2001). 
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Knowledge of the soils, their properties and their spatial distribution, is 
indispensable for the agricultural development of Rwanda as it opens opportunities 
for a more rational management of the land resources. During the soil survey 
project entitled “Carte Pédologique du Rwanda”, started in 1981 and realised 
through a cooperation between the Rwandan Ministry of Agriculture, Livestock 
and Forestry and the Belgian government, much of this essential soil information at 
scale 1:50,000 has been gathered, analysed and stored in a large digital database. In 
addition, this database is being extended with information on the hydrology, 
topography and climate. The resulting natural resources database has become the 
key instrument for the description of the physical environment that farmers face in 
the different agricultural regions of the country and for the evaluation of the 
agricultural potentialities.   
1.2. Focus on land evaluation and crop growth modelling 
Whereas the necessary input data for the agricultural research mainly became 
available through the realisation and updating of the digital natural resources 
database, the methods for investigation of the agricultural potential of land have 
been found in the research topics on land evaluation and crop growth modelling.  
1.2.1. Semi-quantitative land evaluation at scale 1:50,000 
An attempt was made to assess the potential food self-sufficiency of the Rwandan 
farmer living in two agricultural regions (Goethals, 2002; Vekeman, 2002). The 
use of a multiple-step crop production model (Tang et al., 1992) allowed the 
researchers to estimate crop yields and to identify the relative importance of the 
different production factors, taking into account climate, soil, landform, and also 
the impact of socio-economic settings and preferences. The natural resources 
database at scale 1:50,000 was used to characterise each land unit. Simulation of 
crop growth was performed using monthly and 10-day climatic values. The crop 
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growth model performed quite well, and a reasonable estimate of the crop yield 
could be made, while the quality of the peoples diet could be evaluated. However, 
some serious limitations of the model were identified too. The applied water 
balance was only valid for freely drained soils, leading to a serious underestimation 
of the water availability of the valley soils during the dry season, while 
waterlogging may occur during periods of high rainfall. This erratic rainfall and the 
high variability in soil properties that occurs within most soil units, stressed the 
importance of a fine–tuning of the crop growth model adapted to the Rwandan 
environmental conditions. 
1.2.2. Objectives 
In view of looking for solutions to the current problems in the Rwandan agriculture 
and to the methodological shortcomings of existing land evaluation tools, this study 
describes the development and application of an adjusted agricultural land 
evaluation model for Rwanda. Additionally, in order to optimally exploit all data in 
the natural resources database, several tools have been developed for application at 
different spatial and temporal scales. As such, different objectives have been 
formulated to elaborate: 
 
• a land capability classification system to be applied at national scale; 
• a land suitability classification system to be applied at national and regional 
scale; and 
• a crop growth model to be applied at regional and local scale. 
 
The land capability classification system is an example of a qualitative land 
evaluation procedure. It is mainly based on data that become available during a soil 
survey. Land, in this context, is defined by the landscape and physical and 
chemical soil properties of the soil map units at scale 1:250,000. The classification 
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system offers a framework for the description of this natural resources database and 
determines the capability of the land for crop production, pastures, forestry and 
conservation or recreation.  
 
The land suitability classification incorporates crop-specific requirements to 
determine the suitability of the land for the cultivation of several crops. Land, at 
this level, is not only determined by the topographic and edaphic properties at scale 
1:250,000 but also by monthly climatic data recorded in several meteorological 
stations. The same procedure can be repeated at regional level using the soil maps 
at scale 1:50,000.    
 
Whereas qualitative land evaluation methods are useful tools in the research for 
regionalisation and diversification of the agriculture, they are incapable of 
simulating the impact of the small-scale temporal and spatial changes in climate, 
topography and soil within mountainous Rwanda. An integration of quantitative 
land evaluation methodologies with more detailed crop simulation models was 
required. A new model was elaborated describing crop growth at a daily temporal 
scale and making use of the soil profile database. At this level of detail, land is 
characterised by daily climatic conditions, slope gradient, properties of the soil 
series and management practices of the farmers selecting a specific crop and 
sowing date. Actually, the model consists of two hierarchical production situations: 
the radiation-thermal production potential and the water-limited production 
potential.  
 
The realisation of these principal objectives required the organisation and extension 
of the available natural resources database. These actions have been formulated as 
secondary objectives: 
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• editing and formatting of the available digital data at scale 1:250,000; 
• organisation of the soil profile database in Access and creating the link 
between the tabulated profile data and the available spatial data showing the 
location of the profiles; and 
• extension of the natural resources database with daily climatic data recorded 
during several years in different meteorological stations.   
1.3. Structure of the dissertation 
Chapter 2 gives some background information on the status of land evaluation tools 
and crop growth models in the current research activities focussed by the scientific 
community. It summarises briefly the activities of the soil survey project that 
initiated the creation of the large natural resources database of Rwanda and it ends 
with a description of the agricultural zones of Rwanda, defined by Delepierre in 
1974.  
 
Chapter 3 and 4 describe the land capability classification and land suitability 
classification, respectively. The internal structure of both chapters is more or less 
alike and starts with a description of the input data, followed by the elaboration of 
the methodology and ending with a description and discussion of the results.  
 
Chapter 5 and 6 describe the two production situations of the crop growth model.  
The first chapter deals with the radiation-thermal production potential, the latter 
describes the water-limited production potential. Both include the elaboration of 
the modelling procedures, with references to other existing models and an in-depth 
sensitivity analysis. They conclude with a comparison of the simulated production 
potentials with reported yields and an evaluation of the model performance.  
 
The final overall concluding results and remarks have been discussed in chapter 7.  
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CHAPTER 2. HISTORICAL BACKGROUND 
2.1. From crop growth models to yield gap analysis 
Why is so much water lost by transpiration to grow a crop? Because the molecular 
skeletons of virtually all organic matter in plants consist of carbon atoms that must 
come from the atmosphere. They enter the plant as CO2 through stomatal pores, 
mostly on leaf surfaces, and water exits by diffusion through the same pores as 
long as they are open. You could say that the plant faces a dilemma: how to get as 
much as CO2 as possible from an atmosphere in which it is extremely dilute and at 
the same time retain as much water as possible. The agriculturalist faces a similar 
challenge: how to achieve a maximum crop yield with a minimum of irrigation or 
rainfall, a critical natural resource (Sinclair et al., 1984). Moreover, agricultural 
land-use decisions present several challenges and decision makers must often 
consider multiple and frequently conflicting agronomic, economic, social, and 
environmental goals. 
2.1.1. Crop growth simulation models 
By the end of the 1960s, computers had evolved sufficiently to allow and even 
stimulate the first attempts to synthesize the detailed knowledge on plant 
physiological processes, in order to explain the functioning of crops as a whole. 
Insights into various processes were expressed using mathematical equations and 
integrated in so-called simulation models. These first models were meant to 
increase the understanding of crop behaviour by explaining crop growth and 
development in terms of the underlying physiological mechanisms.  
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Over the years, new insights and different research questions motivated the further 
development of crop growth simulation models. In addition to their explanatory 
function, the applicability of well-tested models for extrapolation and prediction 
was quickly recognized. More application-oriented models were developed driven 
by a demand for tactical and strategic decision support, yield forecasting, and 
explorative scenario studies (Bouman et al., 1996).   
2.1.2. Land evaluation 
In 1976, the Food and Agriculture Organization (FAO) published ‘A framework 
for land evaluation’ that provides principles for the qualitative evaluation of the 
suitability of land for alternative uses based on biophysical, economic and social 
criteria (Hansen et al., 1998). The term land is a central element in the definition of 
land evaluation and sustainable land management. Land is an area of the earth’s 
surface, including all elements of the physical and biological environment that 
influence land use. Land refers not only to soil, but also to landforms, climate, 
hydrology, vegetation and fauna, together with land improvements, such as terraces 
and drainage works (Sombroek, 1995). The term land evaluation has been used to 
describe many concepts and analytical procedures. Most frequently its main 
objective is to appraise the potential of land for alternative kinds of land use by a 
systematic comparison of the requirements of this land use with the resources 
offered by the land (Dent and Young, 1981). More specifically, land evaluation 
was intended to optimise particularly the productive function of the land and to 
obtain other important land information at the same time (Hurni, 2000). And thus, 
quantitative land evaluation methods were developed, using more detailed 
technical procedures such as computer models simulating crop growth, soil water 
flow and nutrient uptake (Van Lanen et al., 1992).  
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2.1.3. Sustainable land management 
The term sustainable land management (SLM) emerged later as a follow up to the 
global discussion on sustainable development initiated by the Brundtland 
Commission. Sustainable development was defined as “development that meets the 
needs of the present without compromising the ability of future generations to meet 
their own needs” (WCED, 1987; Smyth and Dumanski, 1993). This definition was 
universally accepted as a common goal at the UN Conference on Environment and 
Development in 1992. A framework for the evaluation of SLM was developed and 
propagated in the early years of the 90’s. It took up most elements of land 
evaluation, but complemented them by including more social, economic, and 
ecological dimensions. The basic motivation for developing such assessment 
methods was the fact that many land use systems world-wide are characterised by 
lack of sustainability and unsustainable trends. At the global scale, the key 
problems threatening natural resources and the sustainability of life support 
systems are soil degradation, water scarcity and pollution, and the loss of 
biodiversity (Hurni, 2000). 
2.1.4. Land quality and land quality indicators 
As the sustainable management of the land resource becomes more important than 
land supply for development, it is important to know whether current land 
management is leading towards or away from sustainability. Farmers, researchers 
and policy makers become interested in integrative measures of the current status 
of land quality and its change over time (Hurni, 2000). Land quality indicators 
(LQI) are instruments for monitoring whether one is on the path towards or away 
from sustainable land use systems. A research challenge facing agriculture is to 
determine indicators for measuring the impacts of agricultural policy reform and 
practices on agricultural sustainability (Dumanski, 1997). Agricultural 
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sustainability depends to a large extent upon the maintenance or enhancement of 
soil health. There is yet no general agreement as to how the soil health concept 
should be interpreted or precisely defined, let alone quantitatively measured. It 
cannot be directly measured from the soil alone but it can be inferred from soil 
characteristics and soil behaviour under defined conditions and certain soil 
qualities are found to be potential indicators of soil health.  
 
Since 1996, several meetings were organized in order to start the process of 
selecting sets of quantifiable and comparable indicators to be used internationally 
to evaluate the impacts of human interventions in tropical, subtropical and 
temperate zones (Dumanski, 1997). A minimal number of recommended land 
quality indicators was identified using criteria and guidelines from these earlier 
workshops. These land quality indicators may be developed from direct 
measurements (remote sensing, census, etc.) or estimated using well-tested 
scientifically sound procedures. Interpretation of the indicators should be done 
within the context of what is happening with the land management and land use in 
the countries concerned. International reference LQIs, based on data that are 
already available, have been selected and described by Dumanski and Pieri (2000) 
and are briefly discussed below. 
Nutrient balance 
The nutrient balance describes nutrient stocks and flows as related to different land 
management systems used by farmers in specific agro-ecological zones and 
specific countries. The research process involves establishment of nutrient balance 
sheets with losses and additions as estimated from nutrient removal through crop 
harvesting, erosion, etc., compared to nutrient additions due to fertilizers, organic 
inputs, recharging of the nutrient supply due to legume rotations, deep rooting 
systems, natural recharging due to atmospheric fixation, etc.  
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Yield gap 
Yield trends, production risk and yield gap are useful indicators because they are 
easily understood, easily converted into economic terms and they are useful for 
monitoring both project and program performance. However, they are valuable as 
LQIs only if changes in yield are clearly related to land management in specific 
agro-ecological zones and for specific management systems. Knowledge of 
farming systems, marketing, the policy environment and other contextual 
information, as well as cause-effect relationships of current land management on 
yield trends and yield variability are necessary. The key research issues are: (1) to 
what extent are changes in land quality resulting in corresponding changes in crop 
yield and production risk; (2) how can reliable estimates of yield gaps be 
developed for developing countries, (3) what are the management options to 
improve the yield gap; and (4) are there practical biological and economic 
thresholds (yield and variability) to ensure sustainable production systems.  
Agricultural land use intensity and land use diversity 
Assessing the land use intensity and land use diversity provides information on 
trends towards or away from sustainable land management. Land use intensity is 
intended to estimate the impacts of agricultural intensification on land quality. 
Such changes can result in improved land quality, but without the concurrent 
adjustments in land management practices, they often result in nutrient mining, soil 
erosion and other forms of land degradation.  
 
Land use diversity is the degree of diversification of production systems over the 
landscape, including livestock and agro-forestry systems. It is the anthesis of 
monocropping. Farmers practice agro-diversity as part of their risk management 
strategy, but it is also a useful indicator of flexibility and resilience in regional 
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farming systems, and their capacity to absorb shocks or respond to opportunities. 
The key research issues are: (1) to what extent is current land management 
contributing to increased land degradation or improving land quality, and (2) are 
current agricultural management practices contributing to improved global 
environmental management. Data on current land management practices however, 
are generally not available, and various surrogates will have to be developed. Some 
of these are already available in the literature, such as land use intensity based on 
crops per growing season, extent and frequency of rotations, cultivation intensity, 
ratio of cultivated land to cultivable land, ratio of monocropping to mixed 
cropping, etc.  
Land cover 
Land cover is an indicator intended to estimate the extent, duration, and time of 
vegetative cover on the land surface during major periods of erosive events, and to 
measure the land cover change over time, correlated with land use pressures. This 
LQI, which can be interpreted as a surrogate for land degradation, will require the 
application of remote sensing data, supplemented by ground truthing. The key 
research issues are: (1) to what extent is the current ground cover adequate to 
protect against land degradation during critical erosion periods, (2) how is the kind, 
extent and duration of land cover changing over time, and (3) what pressures are 
causing change in land cover. 
 
When selecting sets of quantifiable and comparable indicators, the following 
research plan is conducted. First of all the range of land resources and land 
management should be characterised, the important issues identified, and LQIs 
relevant to these issues selected. Necessary databases and geographical information 
systems should be developed, and finally research should be conducted to develop, 
model, test and refine the LQIs (Pieri et al., 1995).  
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2.1.5. Yield gap analysis 
Many processes affect crop performance, but relatively few have a major impact, 
such as processes resulting in stable efficiency of the use of radiation, water and 
nutrients for crop growth, those contributing to the water balance and those 
affecting soil fertility (Bindraban et al., 2000). To describe the land productivity, 
one calculates yield levels that are determined by weather, water and nutrients. 
Thus, crop production is described in terms of potential, water-limited and nutrient-
limited production. These levels are in fact nested crop production systems starting 
with the highest or potential production level related to optimal conditions, 
working down to production levels at sub-optimal conditions (Fig. 2.1).  
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Fig. 2.1: Production situations in hierarchical crop simulation models  
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Potential production situation 
To obtain the potential production level, crops are grown under conditions of 
ample supply of water and nutrients, while pest, weed and disease are controlled.  
Radiation, temperature, CO2 and genetic characteristics of the crop determine the 
growth rate. Consequently crop growth at this level is predominantly reflected 
through weather conditions and is determined by the absorbed photosynthetic 
active radiation only.  
Water-limited production situation 
Growth may be limited by shortage of water during at least part of the growing 
period, even if nutrients are in ample supply. When water supply is insufficient, the 
soil water content may fall below a threshold and the actual crop transpiration 
becomes less than the potential, resulting in a proportional decrease of crop growth. 
Next to water stress, crop production can be limited by water excess too. In that 
case the crop (especially the root system) is encountering oxygen stress, which 
again can imply a growth reduction. The production level in both cases is the 
water-limited production. 
Nutrient-limited production situation 
Shortage of nitrogen, phosphorous, and/or exchangeable basic cations occurs in 
most production systems, often combined with limited water availability. 
Production situations where nutrients are limiting crop growth are referred to as 
being nutrient-limited. 
Actual yield 
In all three situations, pests, weeds or diseases may further reduce crop yield. The 
yield measured in the field is referred to as actual yield.  
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The three production levels are used in defining the yield gaps with the actual 
yield. Yield gaps typically reveal technically feasible options to increase yields 
(Bindraban et al., 1999). Alternatively, it reflects the extent to which the biological 
production systems are currently being pushed, realizing that if pushed beyond a 
biological threshold the systems will likely fail (Bindraban et al., 2000). Modelling 
crop growth to determine the yield gaps in agricultural production should therefore 
be seen in its broader context of defining land quality indicators that can guide us 
towards a sustainable land management (Fig. 2.2). 
 
 crop growth modelling qualitative land evaluation 
quantitative land evaluation 
sustainable land management
land quality indicators: yield gap analysis 
 
 
Fig. 2.2: Feedback between crop growth modelling, land evaluation and 
sustainable land management through yield gap analysis 
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2.2. Project “Soil map of Rwanda” 
In Rwanda, information on the available land resources was gathered, stored and 
analysed during the project named “Carte Pédologique du Rwanda”. The amount of 
information was so large that the only practical way to store, manipulate and access 
the information was through the use of a computerized database. Today, this digital 
soil database is extended with other land resources data, and several applications 
using geographical information systems (GIS) and remote sensing have been 
conducted, directing the way to sustainable land use.  
2.2.1. Soil survey 
The soil survey of Rwanda started in 1981 and was finalized in 1994. Initially, the 
intention of the soil survey was to map Rwanda at a scale 1:100,000. However, the 
geologic and geomorphologic complexity of Rwanda and the multiplication of 
rural projects required more detailed soil information, which resulted in a 
modification of mapping scale to 1:50,000. This semi-detailed soil survey, based 
on extensive use of aerial photographs and fieldwork, was accomplished through 
several steps (Birasa et al., 1990): 
 
• elaboration of a physiographic map; 
• execution of the reconnaissance survey;  
• identification of pilot zones for semi-detailed soil survey;  
• establishment of a soil legend; 
• drawing of the complete soil map covering Rwanda; and 
• performing a final field check 
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2.2.2. Elaboration of the digital land resources database 
From 1989 onwards, the soil maps and all observation points with their 
corresponding data were stored in a master natural resources database using GIS 
and database software. Stopped in 1994 due to the war in Rwanda, the digital 
storage of the soil data was later finalized at Ghent University, Belgium (1998-
2000). Both the activities in Rwanda and at Ghent University were financed by 
BADC (Belgian Administration for Development Cooperation). 
Topographic data 
The base maps for the soil survey were the 43 topographic maps at a scale 1:50,000 
that became available after 1987. These maps contained contour lines at an 
equidistance of 25 m. Additionally, they also supplied the limits and names of the 
administrative units at different levels (provinces, villages, hills), together with the 
hydrologic network, the road infrastructure and the land use. Numerisation of the 
topographic data was realised by scanning the hardcopy maps and vectorising, geo-
referencing and coding of the digital data. ArcView software and the 3-D Analyst 
extension were used to derive a digital terrain model (DTM) for each of the 43 
topographic map sheets (Van Ranst and Imerzoukene, 2001). These DTMs are 
useful to derive slope maps or to perform other analyses with regard to hydrology 
and erosion.  
Soil data 
The national soil survey resulted in the elaboration of 43 soil maps, at a scale 
1:50,000, covering the whole of Rwanda. The soil units were mainly associations 
or complexes of soil series. More than 2000 soil profiles, corresponding to 176 
different soil series had been described and analysed. The automation of the soil 
data started with the digitising of the hardcopy maps by use of the GIS software 
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ARC/INFO. Each soil unit received a unique label that was related to a numerical 
database with the tabulated properties of each soil series. A colour legend was 
designed to group the different soil units according to their parent material, profile 
development, depth or drainage, texture and stoniness. Other thematic layers, 
extracted from the topographical maps, were added to complete the soil maps with 
information on the administrative units, the road infrastructure and the 
hydrographical network. Later, also the location of the soil profiles was digitised.  
 
The spreadsheets containing the profile description and analytical information were 
imported in an Access database. Relationships were built between three tables, 
containing the general profile information, the horizon descriptions, and the 
horizon analytical data. Querying the database was thus much simplified. Through 
the use of the unique soil profile number, these numerical data can be easily linked 
with the cartographic data. Moreover, the Access database offered a framework for 
adding additional data and making reports. 
 
These soil survey data were also simplified to produce maps at scale 1:250,000 of 
landscape units, soil associations, important rivers and roads and the largest 
administrative units such as the provinces and villages.   
Climatic data 
During the national soil survey, a time series of monthly climatic data, recorded 
from 1974 to 1989 in 197 meteorological stations by the Rwandan Meteorological 
Service has been gathered too. Rainfall data were available for each of these 
stations. Temperature and humidity have been measured in part of them, while the 
values for the other stations have been estimated through a correlation with the 
altitude. All numerical data were stored in an Access database. Small maps with 
the location of the meteorological stations, the isotherms and the isohyets were 
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produced, broadly illustrating the different climatic zones of the country. Again, 
both databases can be linked through a common field, in this case the name of the 
meteorological station, to analyse the spatial variability of the climate. 
 
Recently, the climatic database has been extended with data from the 
meteorological service in Kigali. This database contained daily temperature, 
rainfall, relative humidity, sunshine duration, wind direction and wind speed data, 
recorded in different meteorological stations over a time period varying from a few 
years to several decades, depending on the station.  
2.2.3. Land resources database: a tool for future research 
The structure and potential use of the Rwandan soil database is given in Figure 2.3. 
GIS is an indispensable tool for map analysis and design of land evaluation 
purposes. The labels of each soil mapping unit, forming the skeleton of the final 
soil database, are related to the tabular database containing essential soil properties, 
to form an integrated soil coverage, comprising both spatial and descriptive data. 
As such, numerous typical maps, i.e. soil fertility and land suitability maps, can be 
derived from the soil map and plotted automatically. The soil data systems can also 
be linked to quantitative land evaluation models to predict parameters as expected 
crop yields and population supporting capacity. The database is thus a powerful 
tool for agricultural and land use planning purposes in Rwanda. As such, the soil 
survey is at the same time the output of a valuable project, and the input for future 
research (Van Ranst et al., 2001).  
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2.3. Agricultural zones in Rwanda 
Land productivity depends on the chemical and physical properties that 
characterise the soil. These properties vary with the underlying parent material that 
weathers into mineral soil upon the impact of climatic elements such as 
temperature and rainfall. The nature of this substrate, the slope gradient, the 
altitude, the natural vegetation and the management practices further influence the 
degree of soil conservation or erosion. The agricultural potential of a region results 
from the interaction of all these interdependent factors. As such, Delepierre (1974) 
delimited 12 agricultural zones in Rwanda, based on differences in altitude, rainfall 
regime and soil properties (Map 2.1). Each zone has a unique combination of land 
resources that determines the range of well-adapted crops. A brief description of 
the climatic, topographic and edaphic characteristics of these zones has been given 
below.  
Imbo 
The Imbo, located in Southwest Rwanda, is the smallest agricultural zone. Its 
centre, made up by the alluvial valleys of the Rusizi and Rubyiro, includes the 
lowest point of the country, at an altitude of 970 m. A series of mountain ridges 
however, attaining an altitude of 1,400 m characterise its borders. An average 
temperature of 24 °C and a dry season of 3 months characterise the tropical 
climatic conditions. The annual rainfall totals increase considerably from about 
1,050 mm in the South to 1,600 mm in the North. The high temperatures and 
abundant rainfall together with the good quality alluvial soils and the possibilities 
for irrigation offer many possibilities for an intensive and productive agriculture.  
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Impara 
The Kivu Lake, the Imbo and the forest on the Congo-Nile Mountain Ridge border 
the second agricultural zone of the Impara. Its altitude ranges between 1,400 and 
1,900 m. With increasing altitude, the annual rainfall increases from 1,300 to       
2,000 mm, while the temperature decreases from 22 °C to 19 °C. The very fine 
clayey soils, developing from basalt, have a high agricultural potential at least if 
they are not leached out by the abundant rainfall. The mild climate, associated with 
abundant rainfall, generates optimal conditions for the cultivation of a lot of 
traditional and industrial crops. 
Kivu Lake Borders 
The shores of the Kivu Lake, extending from an altitude of 1,460 m near the lake 
up to 1,900 m on the western slopes of the Congo-Nile mountain chain, constitute 
the third agricultural zone. The lake tempers the climate of the region, 
characterised by a temperature ranging between 19 and 22.5 °C and an average 
annual rainfall between 1,150 and 1,300 mm. Nevertheless, within the agricultural 
zone, clear differences in rainfall amounts have been recorded. The South and 
North are clearly more humid than the central region of Kibuye. With respect to the 
soilscape, moderately fertile soils developing on shales and granites have been 
recorded on the gently sloping hillsides, while the abrupt slopes are strongly 
eroded, leaving skeletal soils.        
Birunga 
The agricultural zone of the Birunga groups the volcanic soils that descend from 
the limit of the national park at an altitude of 2,500 m to an altitude of 1.900 m near 
Ruhengeri and even below 1,600 m near Gisenyi. Regularly distributed rainfall, 
varying between 1,300 and 1,600 mm and fertile soils create favourable conditions 
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for agricultural production. Limitations due to the generally limited soil depth have 
been removed by cultivating the crops on small ridges created when ploughing or 
harrowing the fields.   
Congo-Nile Watershed Divide 
The fifth agricultural zone occupies the highland area, extending from the 
Nyungwe forest in the South to the Gishwati forest in the North, that divides the 
country into two watersheds. All rivers on the left side of this mountain chain drain 
into the Congo River, while all rivers on its right side drain into the Nile. The lower 
altitude boundary is 1,900 m and corresponds to the altitude above which most 
crops of the tropical lowlands are badly adapted. The tops of the mountain chain 
surpass an altitude of 2,500 m. In the North, the annual rainfall varies between 
1,300 and 1,500 mm, while in the South annual rainfall totals between 1,400 and 
1,800 mm have been recorded. On the mountaintops in the Nyungwe forest, it rains 
more than 2,000 mm annually. This abundant rainfall has totally leached the soils 
that were developing from poor parent materials such as sandstone, quartzite, 
quartzophyllite and granite. Where the forest has been cleared, also the mineral 
reserves of the litter layer are rapidly consumed and poor soils are left. Although 
the inhabitants improve the soils near their residence and cultivate several 
traditional crops, this region has a vocation for forestry in the first place.     
Buberuka Highlands 
In the North of Rwanda, high altitude plateaus traversed by quartzitic chains that 
attain an altitude of 2,300 m characterise the agricultural zone of the Buberuka 
Highlands. Its the lower altitudinal limit corresponds to 1,900 m. It rains about 
1,200 mm annually and there is a dry season of 2 months. The soils of this region 
are generally more fertile than those of the Congo-Nile Watershed Divide, leaving 
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more options for agricultural production. Nevertheless, also in this region, the 
potential for forestry is high.  
Central Plateau 
The large region of hills and valleys between the Congo-Nile mountain chain and 
the Granitic Ridge, at the centre of the country, is referred to as the Central Plateau. 
At an average altitude of 1,700 m, the annual rainfall amounts to 1,200 mm and the 
average temperature attains 19 °C. If the humus-bearing horizons are conserved, 
the soils can be used for the cultivation of a whole range of climatically adapted 
crops.  
Granitic Ridge 
The agricultural zone of the Granitic Ridge, differs from the Central Plateau 
because of its soils developing on granitic material. Its average altitude is 1,600 m 
and the annual rainfall is about 1,100 mm. The convex ridges and rounded, 
gravelly hills are used for pasture and forest. Crop cultivation is mainly 
concentrated on the concave hill slopes.  
Mayaga 
The Mayaga constitutes a narrow agricultural zone, extending over the two borders 
of the Akanyaru River. In the northern part, the landscape is characterised by hills 
and valleys that are regularly inundated. The altitude varies between 1,350 and 
1,500 m. The landscape of the southern part is much more abrupt, rough and 
dominated by quartzite chains. Next to differences in topography, the southern part 
is also characterised by slightly higher annual rainfall totals, varying between 1,100 
and 1,200 mm. In the North, it rains about 1,000 to 1,100 mm annually. Also the 
soilscape is strongly variable. Rock outcrops characterise the hill tops. Humus-rich, 
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gravelly soils are found on the upper slopes, while the younger soils of the 
footslopes generally have a higher productivity.   
Bugesera 
The Bugesera is a large plateau located at an altitude of 1,300 to 1,500 m and 
bordered by the fluvial depositions of the Nyabarongo. A more recent erosion cycle 
superimposed a new drainage system and resulted in a landscape of smaller 
isolated plateaus with deep strongly weathered soils, intersected by dry valleys 
with very gentle slopes. From a climatic viewpoint, this agricultural zone is dry and 
warm, characterised by an annual rainfall varying between 850 and 1,000 mm, a 
dry season lasting for three months and an average temperature of about 21 °C. The 
best soils for crop cultivation are found on the colluvial deposits bordering the 
marshes and lakes. Nevertheless, the agricultural potential of this region is 
generally low and the region mainly has a pastoral vocation.    
Eastern Plateau 
North of the Bugesera, Delepierre (1974) defined the agricultural zone of the 
Eastern Plateau. This vast zone, located at an altitude of about 1,500 m is in fact 
the extension of the Central Plateau into the drier East. The landscape is 
characterised by hills with large, horizontal tops and steep slopes. In the eastern 
part of this region, enormous quartzite ridges cross the landscape. It rains about 
900 to 1,000 mm annually. The hilltops are covered with deep humus-rich soils. On 
the convex upper slopes, outcropping laterite crusts and gravelly soils have been 
reported. The fields on the steep slopes are strongly eroded and are mainly used as 
pasture land. In the East, shallow degraded soils dominate the soilscape and only 
the soils of the footslopes have some agricultural potential.    
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Eastern Savanna    
All the lowlands in the extreme East of Rwanda belong to the Eastern Savanna. 
This agricultural zone is characterised by a gently sloping landscape with hills that 
are intersected by large valleys. The altitude generally varies between 1,250 and 
1,600 m. Climatically, the region is warm and dry. The average temperature is 
about 21 °C, while the erratic rainfall amounts to less than 900 mm annually and 
the dry season lasts for 4 months. The best soils of the region are those with some 
vertic properties, found in the large valleys. Nevertheless, they still require some 
important investments in irrigation and machinery. As such, also this region mainly 
has a pastoral vocation.  
 
The main characteristics of the agricultural zones have been summarised in Table 
2.1. Table 2.2 gives an overview of the most important traditional and commercial 
crops of each agricultural zone. With respect to Map 2.1, the reader should keep in 
mind that it shows the forested land during the seventies. Today, large parts of 
these forests have been cleared for crop cultivation.    
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CHAPTER 3. LAND CAPABILITY CLASSIFICATION 
3.1. Introduction 
Increasing social demands put a high pressure on the natural resources of Rwanda 
and different land uses often apply for the same piece of land. Nevertheless, 
agricultural production should keep pace with population growth and therefore an 
optimal land use with regard to economical returns, food security, and ecological 
awareness is of highest priority. Decisions on land use changes and regionalisation 
of cultures should be based on a comprehensive analysis of the production systems 
themselves and the potentials of the natural resources, i.e. climate, topography, 
hydrology, and pedology. A general appraisal of the capability of the land for 
agricultural production gives useful information for the selection of preferential 
land uses. Arable lands can be grouped according to their potentials and limitations 
for sustained production of the commonly cultivated crops. Non–arable land units 
are grouped according to their potentials and limitations for the production of 
permanent vegetation.   
 
Information linked to the national soil map at a scale 1:250,000 has been used to 
assess the national land capability for agricultural production. The procedure is 
primarily based on the USDA Land Capability Classification developed by 
Klingebiel and Montgomery (1966), but changes have been made relevant for the 
production environment in Rwanda. The procedure permitted to evaluate the actual 
and potential capability of the land. An integrated assessment of topography, 
drainage, physical and chemical properties of the land units determined the actual 
land capability for climatically adapted crops. The introduction of management 
practices related to terracing, drainage and fertilisation resulted in the assignment 
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of the potential land capability. A flowchart of the different procedures has been 
illustrated in Fig. 3.1. 
 
 
Fig. 3.1: Flowchart of the land capability classification procedure designed for 
Rwanda at scale 1:250,000 
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3.2. Soil map at scale 1:250,000 
When asking: “What are the main landscape and soil properties determining the 
capability of the soil for sustained agricultural production?” a whole range of 
landscape and soil characteristics or qualities affecting land productivity could be 
summed. The capability classification, however, had to be performed using data 
that became available with the analysis of the data linked to the soil map at scale 
1:250,000. This map consisted of 1107 units, while two cartographic legends were 
designed to describe landscape and soil.  
3.2.1. Landscape 
With regard to a brief description of the landscape, a cartographic legend has been 
designed summarising the information on altitudinal zone, geomorphology and 
slope gradient: 
AB12 
 
with A = symbol for altitudinal zone 
 B = symbol for geomorphology 
1 = number referring to the dominant slope class 
2 = number referring to the secondary slope class 
Altitudinal zone 
The first parameter indicates whether the unit belongs to the highlands at an 
altitude over 2,100 m; the middle altitudes situated between 1,600 and 2,100 m; the 
lowlands at an altitude below 1,600 m; or the escarpment from the Congo-Nile 
Watershed Divide towards the Kivu Lake. The lowlands, middle altitudes, and 
highlands occupy 38, 32, and 17 % of the territory, respectively. The very steep 
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escarpment is only found over 1 % of the land area. Marshes, islands and lakes 
have been grouped separately and occupy 13 %. The symbols used in the 
cartographic landscape legend, their description and the spatial distribution of the 
altitudinal zones have been illustrated in Map 3.1. 
Geomorphology 
Map 3.2 illustrates the spatial distribution of the main geomorphologic units. The 
“landscape of thousand hills” dominates the country. In the agricultural regions of 
the Congo-Nile Watershed Divide and the Buberuka Highlands, these hills are 
usually accompanied by headlands. The legend further makes a distinction 
according to the type of hilltops: rounded or angular. The Northwest is 
characterised by the cones of several volcanoes, their slopes and the volcanic plain. 
Old and recent peneplains are found in the North- and Southeast. In the East and 
South some large and small plateaus have been noted, while alluvial plains join the 
great rivers running through Rwanda.    
Slope gradient 
In this very diverse landscape, the slope gradient varies dramatically too. Six 
different slope classes have been distinguished: 0–2 %, 2–6 %, 6–13 %, 13–25 %, 
25–55 %, and > 55 %, represented by the numbers 1, 2, 3, 4, 5 and 6, respectively.  
 
The spatial distribution of the dominant slope classes has been illustrated in Map 
3.3. The alluvial plains and plateaus are relatively flat, with slope gradients ranging 
from 0 to 6 %. The steepness of the peneplains varies from 6 to 13 %, while the 
landscape of thousand hills is characterised by slopes varying between 13 and      
25 %. The high altitude areas of the Congo-Nile Watershed Divide and the 
Buberuka Highlands are very steeply sloping, with gradients exceeding 55 % at 
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some spots. The degree of inclination in the volcanic region is variable, ranging 
from 2 to 55 % or even more. A comparable variability is found in the East.  
 
Analysis of the associated slope classes, illustrated in Map 3.4, reveals the presence 
of more gentle slopes in the East, Northwest and Southwest. The associated units 
of the Congo-Nile Watershed Divide, however, are characterised by very steep 
associated slopes.  
 
Table 3.1 gives an overview of the aerial extent of both the dominant and the 
associated slope classes. Although slope gradients exceeding 55 % are never really 
dominating the landscape, except in 2 % of the area, they are frequently found 
associated to more gently slopes. Most units of the soil map are characterised by a 
gradient between 6 and 55 %. The occurrence of flat to nearly flat land is very rare.   
 
Table 3.1: Aerial extent of the dominant and associated slope gradient at scale 
1:250,000 
slope gradient      area 
symbol (-) class (%) (km²) (%)
dominant slope classes 
1 0 – 2 1,735 7
2 2 – 6 715 3
3 6 – 13 6,408 27
4 13 – 25 3,756 16
5 25 – 55 10,469 45
6 > 55 404 2
total 23,487 100
associated slope classes 
1 0 – 2 1,137 5
2 2 – 6 3,907 17
3 6 – 13 6,002 26
4 13 – 25 5,089 22
5 25 – 55 1,924 8
6 > 55 5,429 23
total  23,487 100
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3.2.2. Soil units: morphological and physical properties 
Next to the landscape, the soil map also offers information concerning the 
dominant, secondary and eventually tertiary soil units. Each soil unit is 
characterised by a soil legend, summarising its morphological and physical 
characteristics:  
 
A.B12.c 
 
with  A  = parent material 
B = development stage  
1 = texture and depth 
2 = drainage 
c = diagnostic subsoil properties related to stoniness or the presence  
                of a lithic, paralithic or petroferric contact at shallow depth.  
 
The characteristics of the dominant soil units have been described in more detail 
below.  
Parent material 
The impressive geologic and geomorphologic history of Rwanda resulted in a high 
diversity of parent materials. The aerial extents of these parent materials have been 
summarised in Table 3.2, while their spatial distribution can be studied in Map 3.5. 
Pure shale, and quartzite intervening with shale dominate the lithology of the 
country with an aerial extent exceeding 50 %. Granite is the third most important 
parent material, covering 11 % of the land. It is especially important in the 
northeastern savanna and in the agricultural zone of the Granitic Ridge. At some 
spots in the Congo-Nile Watershed Divide and the Central Plateau, the shale and 
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granite have been slightly metamorphosed, resulting in the formation of schist, 
micaschist, and micaceous granite. Alluvial and organic materials occupy 4 and     
3 %, respectively. Other parent materials that occupy more than 1 % of the total 
area are basic rocks, basaltic rocks, volcanic ejecta and lava.  
 
Table 3.2: Aerial extent of the parent material of the dominant soil units at scale 
1:250,000 
parent material     area 
symbol description (km²) (%)
A alluvial material 903 4
B basic rocks 251 1
BG basic rocks & secondary influence of granite 526 2
BQ basic rocks & secondary influence of quartzite 346 1
Bv basaltic rocks 508 2
G granite 2,520 11
Gm micaceous granite 908 4
H organic material 807 3
I shale 10,883 46
Im micaschist 1,164 5
IQ shale & secondary influence of quartzite 293 1
QI quartzite & secondary influence of shale 2,754 12
V volcanic ejecta 471 2
VL volcanic lava 497 2
other  655 3
total  23,487 100
 
Development stage 
The soil development stage is equally diverse. In 33 % of the soils a well-
developed argillic horizon has been recorded (Table 3.3). It is the dominant 
development stage found in the western and north-central part of the country. In the 
East and in the old volcanic region of the Impara, most soils are characterised by an 
intergrade between an argillic and oxic horizon, covering 19 % of the area. The 
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absence of any diagnostic horizons or the presence of a cambic horizon is 
characteristic for soils developing on quartzite ridges, volcanic materials, on the 
steeply sloping areas of the escarpment from the Congo-Nile Watershed Divide 
towards the Kivu Lake, the Congo-Nile Watershed Divide and Central Plateau. In 
the Northeast, in the East near the Akagera River and in the Bugesera, ultimate 
weathering resulted in the formation of oxic horizons. The valleys of these regions 
are frequently filled with strongly decomposed organic material or with soil 
showing vertic properties, occupying 3 and 2 % of the country, respectively. Map 
3.6 shows the spatial distribution of the development stages in Rwanda.  
 
Table 3.3: Aerial extent of the development stage of the dominant soil units at scale 
1:250,000 
 development stage area 
symbol description (km²) (%) 
E recent, minimal & shallow weathering,  
absence of a diagnostic subsurface horizon,  
lithic or paralithic contact at 0.5 m or less 
3,845 16 
C recent, moderate & moderately deep weathering, 
presence of a cambic horizon, lithic or paralithic 
contact between 0.5 m and 1.0 m 
2,810 12 
B moderate & deep weathering,  
presence of a cambic horizon 
835 4 
A intense & deep weathering,  
presence of an argillic horizon 
7,647 33 
V presence of a horizon with vertic properties 559 2 
K ultimate & deep weathering,  
presence of an intergrade argillic-oxic horizon 
4,549 19 
O ultimate & deep weathering,  
presence of an oxic horizon 
2,433 10 
H partially decomposed organic material 10 <1 
D strongly decomposed organic material 797 3 
total   23,487 100 
 
  Land Capability Classification 
 
 39 
Texture and soil depth 
Soil texture and soil depth have been represented by one combined symbol, a 
number ranging from 1 to 12. The 4 intervals [1,3], [4,6], [7,9], [10,12] denote the 
different texture classes. The first number of each of these intervals identifies the 
shallow soils, with a soil depth below 0.50 m. The second number within each 
interval represents the soils that are between 0.50 and 1.00 m deep, while the last 
number corresponds to the deep soils, exceeding 1.00 m in depth. The soil texture 
symbol of organic material is a “w” or number 13. Their soil depth has been 
assumed greater than 1.00 m.   
 
With respect to soil texture, only the clay percentage has been supplied and sandy, 
loamy, clayey and fine clayey soil units have been distinguished. Seventy percent 
of the soils of Rwanda are clayey with a clay content varying between 35 and 60 % 
(Table 3.4). Soils developing on granite or shale intervened by quartzite are loamy 
and generally have a clay content between 20 and 35 %. This texture class occupies 
17 % of the land surface. Very clayey soils are developing on the old volcanic 
materials of the Impara. Also the Vertisols of the eastern valleys are characterised 
by a clay content over 60 %. Together they make up 10 % of the area. Comparison 
of Map 3.7 with Map 3.5 illustrates this correlation of texture with parent material. 
Coarse (sandy) materials are found only rarely. Determination of the physical 
properties of organic soils is prone to errors and therefore, these units have been 
evaluated separately.  
 
Table 3.5 and Map 3.8 illustrate the aerial extent and spatial distribution of the soil 
depth classes of the dominant soil units of the soil map at scale 1:250,000. Sixty 
percent of the soils in Rwanda is deeper than 1 m. In steeply sloping areas, 
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however, on quartzite, granite or volcanic materials, soil depth can be between 0.50 
and 1.00 m (15 %), or even shallower (25 %).  
 
Table 3.4: Aerial extent of the texture class of the dominant soil units at scale 
1:250,000 
texture class based on clay content area 
symbol description (% clay) (km²) (%) 
1, 2 & 3 fine clayey, > 60 2,378 10 
4, 5 & 6 clayey, 35–60 16,193 70 
7, 8 & 9 loamy, 20–35 4,086 17 
10, 11 & 12 sandy, < 20 22 <1 
13 or w organic material 807 3 
total  23,487 100 
 
Table 3.5: Aerial extent of the soil depth of the dominant soil units at scale 
1:250,000 
soil depth area 
symbol class (m) (km²) (%) 
1, 4, 7 & 10 < 0.5 5,936 25 
2, 5, 8 & 11 0.5 – 1.0 3,409 15 
3, 6, 9, 12 & 13 > 1.0 14,141 60 
total  23,487 100 
 
Stoniness and the presence of a lithic, paralithic or petroferric contact 
In 19 % of the soils, soil depth is limited due to the presence of important amounts 
of stones and gravel of different origin (Table 3.6). Volcanic ejecta limit soil depth 
in the Birunga. Laterite is frequently found in the strongly weathered soils of the 
East. Also soils developing on granite, quartzite and sandstone, offering varying 
degrees of resistance to weathering, are often characterised by significant amounts 
of rock fragments, quartzite or sandstone gravel. Calcareous materials strongly 
influence the physical and chemical properties of some Vertisols.  
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In addition to high volumes of coarse fragments, soil depth can also be limited by 
the presence of a lithic, paralithic or petroferric contact (Table 3.7). Shallow lithic 
or paralithic contacts are frequently found in the steeply sloping areas of the 
quartzite ridges and occupy 22 % of the land surface. Petroferric contacts limit soil 
depth in some strongly weathered soils of the East, extending over 3 % of the land 
surface. Volcanic bombs associated with lava limit soil depth in the volcanic 
region. 
 
Table 3.6: Aerial extent of coarse fragments in the dominant soil units at scale 
1:250,000 
origin of the coarse fragments area 
symbol description (km²) (%)
no no specific subsoil properties 18,993 81
c laterised rock fragments 69 0
d volcanic bombs 59 0
g rock fragments 243 1
j saprolite 38 0
k calcareous subsoil 298 1
l petroplinthite, laterite 1,005 4
q quartzite 1,100 5
x volcanic ash 260 1
z sandstone 1,422 6
total  23,487 100
 
Table 3.7: Aerial extent of lithic, paralithic, or petroferric contacts in the dominant 
soil units at scale 1:250,000 
character of the contact area 
symbol description (km²) (%)
no no contact 17,041 73
d volcanic bombs & lava 497 2
dl petroferric contact 678 3
r lithic or paralithic contact 5,271 22
total  23,487 100
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Drainage 
The soils of Rwanda are generally well to excessively drained as they occupy 95 % 
of the area. Exceptions are found in the valleys of highlands and lowlands. These 
valley soils are moderately to imperfectly drained in 2 % of the cases, but 
sometimes drainage is even worse, resulting in poorly or very poorly drained soils, 
found in 4 % of the land area. The symbol and aerial extent of the different 
drainage classes is summarised in Table 3.8. The Rwandan territory also includes 
some lands that are permanently flooded. These marshes, characterised by a very 
poor drainage too, occupy 208 km². The spatial distribution of the drainage classes 
has been shown in Map 3.9. 
 
Table 3.8: Aerial extent of the drainage class of the dominant soil units at scale 
1:250,000 
drainage  area 
symbol class (km²) (%) 
“ “ well to excessive 22,236 95 
1 very poor to poor 838 4 
3 imperfect to moderate 413 2 
total  23,487 100 
 
3.2.3. Soil units: chemical properties 
The development stage, which has been inserted in the cartographic legend of the 
soil units, is an expression of the natural fertility of the soil provided that its 
classification not only reflects the cation exchange capacity, but also the base 
saturation and the organic carbon content. The assignment of the development 
stage at this level, however, has been based on morphological properties, 
recognizable in the field. A more sound evaluation of the natural fertility of these 
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soil units was realised by querying the chemical data stored in the soil profile 
database.  
 
In Map 3.10, a quantile classification procedure was used to illustrate the spatial 
distribution of the development stage, the apparent cation exchange capacity 
(ACEC) at 0.50 m depth or above a lithic contact, and the weighted average base 
saturation (BS) and organic carbon (OC) content in the upper 0.25 m of the soil 
profiles stored in the database. The map illustrates the degree of dependency of 
these chemical parameters with climate and development stage. In order to estimate 
the ACEC, BS and OC content of all soil units at scale 1:250,000, the correlation of 
these chemical parameters with climate and development stage was studied through 
a numerical analysis of the profile database. 
Apparent cation exchange capacity 
Except for the agricultural region of the Birunga, profiles with an ACEC below    
24 cmol(+) kg-1 clay are found all over the country (Map 3.10). Several of these 
soils are still in a recent development stage and pre-weathered materials that have 
been rejuvenated, eventually through human action, are quite common. 
Consequently, an unambiguous correlation between ACEC, development stage and 
climate was not directly perceptible. 
 
As the weathering stage generally increases from West to East, it could be expected 
that the lowest ACEC values would be found in the East. Table 3.9 illustrates this 
dependence, although strongly weathered soils with an ACEC below           
16 cmol(+) kg-1 clay never dominate. In total, the ACEC at 0.50 m depth, or just 
above a lithic, paralithic or petroferric contact has been calculated for 1,289 soil 
profiles. Most soil profiles of the database are characterised by an advanced 
weathering stage, with an argillic, intergrade argillic–oxic, or oxic horizon. 
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Nevertheless, the ACEC of these soils is still relatively high. The nutrient retention 
of the clay exceeds 25 cmol(+) kg-1 in 68 % of the profiles. Only 8 % of the soil 
profiles has been characterised by an ACEC below 16 cmol(+) kg-1 clay. The 
relative importance of these low activity clays clearly increases with the 
weathering stage. All soils with vertic properties have an ACEC exceeding           
24 cmol(+) kg-1 clay. The exchange capacity of the clay fraction could not be 
determined on organic soils. Nevertheless, thanks to the exchange capacity of 
organic matter, a lot of nutrients can be retained in these soils too. The soil 
development stage generally reflects the decline in ACEC and thus is an indicator 
for the nutrient retention capacity of the Rwandan soils. 
 
Table 3.9: Number and percentage of soil profiles per development stage and 
ACEC class 
ACEC development stage 
(cmol(+) kg-1 clay) E C A V K, O total 
number of profiles 
> 25 104  184 432 24 132 876 
16 - 25 16  27 180 0 84 307 
≤ 16 9 7 44 0 46 106 
total 130 218 656 24 262 1,289 
% of profiles 
> 25 81 84 66 100 50 68 
16 - 25 12 12 27 0 32 24 
≤ 16 7 3 7 0 18 8 
total 10 17 53 20 100 
 
Base saturation 
From Map 3.10 it is clear that the BS increases from the highlands to the lowlands. 
High BS values are also characteristic for the profiles in the volcanic plain. The 
spatial distribution of the BS thus is strongly influenced by climate and parent 
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material. The rather low correlation between development stage and the weighted 
average BS in the upper 0.25 m of 1,265 profiles has been illustrated in Table 3.10. 
Soils with vertic properties generally have a high BS. In all other soils, however, 
the BS exceeds 50 % or drops below 20 % in most of the cases. Most profiles of 
the database, 50 %, are strongly leached. Especially those with an argillic horizon 
are characterised by a very low BS status. With 29 % of the profiles, soils with a 
high BS occupy the second place.  
 
Table 3.10: Number and percentage of soil profiles per development stage and BS 
class 
BS development stage 
(%) E C A V K, O total 
number of profiles 
> 50 48 52 151 36 75 362 
35 - 50 15 27 61 1 37 141 
20 - 35 16 19 54 1 44 134 
≤ 20 46 118 362 1 101 628 
total 125 216 628 39 257 1265 
% of profiles 
> 50 38 24 24 92 29 29 
35 - 50 12 13 10 3 14 11 
20 - 35 13 9 9 3 17 11 
≤ 20 36 54 58 3 39 50 
total 10 17 50 3 20 100 
 
The BS status of most soils in Rwanda is thus not only dependent on their 
development stage. It is also strongly related to the leaching strength of the climate 
and to the composition of the parent material. Both parameters were two of the 
main determinants for the delineation of the agricultural zones. As such, the 
profiles for which the BS was calculated were grouped according to their 
development stage, BS and their location in a specific agricultural zone (Table 
3.11).  
Chapter 3  
 
46   
Table 3.11: Number of profiles grouped according to development stage (DS), base 
saturation (BS) and agricultural zone 
DS BS agricultural zone 
(-) (%) 1 2 3 4 5 6 7 8 9 10 11 12 
E > 50 8 1 4 13 3 3 2 17 1 1 1 5 
 35 – 50 0 0 1 3 2 0 3 3 0 0 1 4 
 20 – 35  0 0 2 1 3 1 5 4 0 0 2 1 
 ≤ 20 0 0 4 4 15 3 11 6 1 0 7 1 
C > 50 5 2 8 12 2 4 10 12 8 0 21 6 
 35 – 50 0 1 0 5 1 1 5 2 2 0 4 1 
 20 – 35  0 0 3 3 5 5 5 5 3 0 8 1 
 ≤ 20 0 4 11 5 45 10 27 8 3 0 4 0 
A > 50 9 2 22 10 12 15 64 44 40 0 34 59 
 35 – 50 1 4 5 0 16 9 17 13 9 0 10 11 
 20 – 35  1 3 3 0 17 13 25 11 8 0 2 9 
 ≤ 20 1 12 32 0 174 23 61 28 25 0 3 24 
V > 50 0 3 4 0 0 0 1 0 0 1 2 15 
 35 – 50 0 0 0 0 0 0 0 0 0 0 0 0 
 20 – 35  0 0 0 0 0 0 0 0 0 0 0 0 
 ≤ 20 0 0 0 0 0 0 0 0 0 0 0 0 
K > 50 0 0 0 0 0 1 18 13 14 19 17 34 
 35 – 50 0 0 0 0 0 0 5 8 6 5 9 6 
 20 – 35  0 0 0 0 0 0 7 10 6 8 3 10 
 ≤ 20 0 7 3 0 9 5 22 20 20 17 3 16 
O > 50 0 0 0 0 0 0 1 3 1 2 13 29 
 35 – 50 0 0 0 0 0 1 2 0 0 2 8 10 
 20 – 35  0 0 0 0 0 1 2 0 1 1 9 5 
 ≤ 20 0 0 0 0 1 1 12 0 2 1 2 2 
 
The high base status of the profiles located in the agricultural zones of the Imbo 
(1), Bugesera (10) and Eastern Savanna (12), all zones with a relatively low annual 
rainfall, is striking. 
Very favourable nutrient amounts have also been registered in soils developing on 
recent volcanic material in the agricultural zone of the Birunga (4). In both cases, 
the base status is, except for some minor differences, independent on development 
stage.  
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Another striking feature is the extremely low BS of all profiles found in the 
agricultural zone of the Congo–Nile Watershed Divide (5), due to its high rainfall 
amounts and poor parent material. Most soils of the Impara (2), and especially 
those with an advanced weathering stage, have a comparably low base status. The 
shallow soils with an entic development stage of this region, however, show very 
high amounts of retained basic cations. Near the Kivu Lake (3) and in the 
Buberuka Highlands (6), the BS varies from moderate to very low with increasing 
development stage and weathering. Soils of the Central Plateau (7) with an argillic 
or intergrade argillic-oxic horizon have a high or a very low BS. Often, these 
differences correspond to the effects of adding fertilizers or organic material. The 
amount of available nutrients in soils with a different development stage generally 
is low. No clear correlation between BS, climate and parent material has been 
remarked in the agricultural zones of the Granitic Ridge (8) and Mayaga (9). In the 
agricultural zone of the Eastern Plateau (11), most profiles have a favourable 
nutrient status, except for those developing on quartzite ridges, showing an entic 
development stage and a very low base status. The highest base status has been 
recorded in profiles showing an argillic horizon.  
 
This dependency between BS, agricultural zone and development stage allowed to 
estimate the BS of each soil unit at scale 1:250,000 following an integrated 
assessment of nutrient retention capacity of the soils and leaching strength of the 
climate (Table 3.12). Where none of the BS classes was really dominant, a risk-
sensitive, cautious estimation of the weighted average BS has been made. The soil 
units of the soil map at scale 1:250,000 were thus intersected with the map of the 
12 agricultural zones and the BS of all 1,362 soil units was assessed.  
 
 
 
Chapter 3  
 
48   
Table 3.12: Key for estimating the BS of the soil units at scale 1:250,000 
agricultural zone development stage BS 
(-) (-) (%) 
1 - > 50 
2 - ≤ 20 
3 E, C, A 20-35 
 K ≤ 20 
4 - > 50 
5 - ≤ 20 
6 E, C, A 20-35 
 K, O ≤ 20 
7 - 20-35 
8, 9 E, C, A 35-50 
 K, O 20-35 
10, 12 C > 50 
 E, A, K, O 35-50 
11 E ≤ 20 
 C, K, O 35-50 
 A > 50 
- V > 50 
 
The aerial extent of the different BS classes has been summarised in Table 3.13 
and Map 3.11. 
 
None of the four BS classes dominates the country. Soils with a BS ranging 
between 35 and 50 % occupy the largest area, covering 35 % of the soil units. They 
are particularly extensive in the East, where the exchange complex in most units, 
except for the valleys and quartzite ridges, is occupied by moderate amounts of 
basic cations. Also the units within the agricultural zone of the Granitic Ridge 
belong to this class.  
 
One fourth of the total land area is occupied by soils with a BS between 20 and    
35 %. This class groups the units in the agricultural zones of the Kivu Lake 
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Borders and the Central Plateau and also the strongly weathered units of the 
Mayaga.  
 
The strongly leached soil units of the Impara, the Congo-Nile Watershed Divide in 
the West and the poor soils developing on quartzite ridges in the East are 
characterised by a very low BS not exceeding 20 %. Together they occupy another 
25 % of the total land area.  
 
Table 3.13: Aerial extent of the BS class of the dominant soil units at scale 
1:250,000 
base saturation area 
symbol class (%) (km²) (%)
1 > 50 2,376 10
2 35 – 50  8,214 35
3 20 – 35  6,224 26
4 ≤ 20 5,866 25
5 nutrients immobilised in organic matter 807 3
total  23,487 100
 
All the Vertisols found throughout the country are characterised by the same high 
BS, while comparable BS values have also been found in the Birunga and the 
Eastern Plateau, in soils characterised by an argillic development stage. In the 
Eastern Savanna, soil units with a cambic horizon belong to this BS class. Together 
they occupy only 10 % of the area. The organic soils have been grouped in a 
separate class. The high amounts of nutrients that they contain are generally 
immobilised in the organic matter.  
Organic carbon 
With respect to the OC content, the highest values have been noted in the Birunga, 
the Congo-Nile Watershed Divide, the Buberuka Highlands, the Eastern Plateau 
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and the Imbo (Map 3.10). In the other agricultural zones, the OC content is 
strongly variable, but generally lower than 1.2 %. The turnover rate of organic 
matter is clearly higher in the warm East than in the cool West.  
 
In order to analyse the numerical data, three OC classes have been created 
corresponding to those defined in the crop requirement tables by Sys et al. (1993). 
The distribution of these OC classes per agricultural zone has been illustrated in 
Table 3.14.  
 
Table 3.14: Number and percentage of soil profiles per agricultural zone and OC 
class 
O.C agricultural zone 
(%) 1 2 3 4 5 6 7 8 9 10 11 12 
number of profiles 
≥ 1.2 21 37 83 53 370 98 163 58 28 10 154 96 
0.8 – 1.2 2 1 14 4 8 9 55 35 11 8 17 51 
< 0.8 1 2 9 1 4 3 17 16 3 5 3 18 
total 24 40 106 58 382 110 235 109 42 23 174 165 
% of profiles 
≥ 1.2 88 93 78 91 97 89 69 53 67 43 88 58 
0.8 – 1.2 8 3 13 7 2 8 23 32 26 35 10 31 
< 0.8 4 5 8 2 1 3 7 15 7 22 2 11 
total 100 100 100 100 100 100 100 100 100 100 100 100 
 
In the agricultural zones of the Imbo (1), Impara (2), Birunga (4), Congo-Nile 
Watershed Divide (5), Buberuka Highlands (6), and Eastern Plateau (11), the OC 
content generally exceeds 1.2 %. The importance of this OC class slightly 
decreases in the agricultural zones of the Kivu Lake Borders (3) and the Central 
Plateau (7). A high variability in OC content has been recorded in the soil profiles 
of the Granitic Ridge (8), Mayaga (9), Bugesera (10), and the Eastern Savanna 
(12). Differences are due to changes in microclimate, parent material, topographic 
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position and land use. Nevertheless, the share of the profiles with an OC content 
dropping below 0.8 % is limited. Consequently, the OC content of the topsoil is 
only rarely limiting crop production options and this parameter was not included in 
the suitability classification procedure. 
 
The quality of the organic matter, however, is generally low (Goemaere, 2000). 
Especially in the Rwandan lowlands and in the agricultural zone of the Granitic 
Ridge, management strategies that increase the OC content of the topsoil might 
have a beneficial effect on the other soil properties and finally also on crop yield. 
Nevertheless, the OC content being dependent on local influences, the chemical 
fertility of the land units has been represented only by their ACEC and BS.  
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3.3. Land capability classification procedure 
3.3.1. Definition of land capability classes 
The capability of the Rwandan land to sustain different forms of agricultural land 
use primordially depends on the possibilities for mechanisation and management 
strategies to reduce the risk for erosion. Consequently, depending on the slope 
gradient, the land units have been classified as arable land and pasture, forest and 
wildlife habitats. Within the gently sloping areas, soil depth determines the 
possibilities for terracing and the rootable depth for the cultivation of crops. 
Shallow land units that can’t be terraced should be used as pasture land. The 
capability of the arable land further depends on the availability of water, oxygen 
and nutrients. Important parameters influencing these land qualities are water 
holding capacity, aeration, nutrient retention capacity, and nutrient supply capacity. 
These parameters have been assessed through an evaluation of soil depth and 
stoniness, parent material, risk for flooding, internal drainage, development stage 
and BS.   
 
Eight different capability classes, groups of land units that have the same degree of 
limitation, have been distinguished. These classes illustrate the general capability 
of a land unit for agricultural use. The classification criteria are based on the range 
of crops that can be cultivated and the importance of conservation practices 
required. The soil is better when a wide range of crops can be cultivated. When this 
range of crops becomes narrower the suitability of the land decreases at class level. 
The risks of soil damage or limitation become progressively greater from class 1 to 
class 8. Conservation practices taken into consideration are related to the 
prevention of physical and chemical soil deterioration and to the improvement of 
the air- and water relation (Sys et al., 1991b).  
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Capability classes 1 to 4 have been designed to classify the arable land according to 
its potential for the cultivation of different upland crops and according to the 
management techniques that are required to ensure sustainable production. The 
slope gradient of these units should be 25 % or less. With increasing capability 
class, the number of crops that can be cultivated decreases, and the level of 
management increases from ordinary techniques to very careful management 
strategies. Capability class 5 groups those land units that are located in valleys with 
an impeded drainage, with organic materials, or with a serious risk for flooding. 
These land units might be suitable for the production of lowland crops, after the 
application of very careful to exceptional management techniques. Capability 
classes 6, 7 and 8 group land units that are actually not to be used as arable land, 
due to the shallow soil depth and/or very steep slopes. These fragile environments 
should be protected as a habitat for wildlife, as forests, or through their use as 
pasture. An overview has been presented in Table 3.15. 
Capability class 1 
The land units of capability class 1 are not subjected to flooding and are well to 
excessively well drained. The soils are deep and developed on volcanic, basaltic or 
basic materials, resulting in favourable physical soil properties with a high water 
holding capacity and workability. Also the chemical properties allow an optimal 
growth of the crops, thanks to the high natural fertility of the soil, or its high 
responsiveness to fertilisers. Base saturation of these units exceeds 50 %, while 
their nutrient retention capacity and nutrient supply is guaranteed by the low degree 
of weathering expressed through the absence of diagnostic horizons or the presence 
of a cambic horizon. The landscape is nearly flat, with a slope gradient limited to   
2 %, and combined with the great soil depth, this excludes any risk for erosion. 
Consequently, these land units are very suitable for most crops, except for tea, 
which generally prefers deep, well drained but acid soils. They are actually not 
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suited for irrigated rice, but this crop can be grown successfully after management 
of the valleys. Ordinary management techniques are sufficient to allow a 
continuous agricultural production of most upland crops. 
Capability class 2 
The land units belonging to capability class 2 are still very suitable for most crops 
and actually unsuitable for irrigated rice. However, the landscape and soil 
properties changed such that the cultivation of tea is feasible, although it gives only 
marginal yields. The land units of this capability class are still not subjected to 
flooding and are well to excessively well drained. It groups deep soils with no 
lithic or paralithic contact or important amounts of gravel within the upper one 
meter. The physical soil properties of these units, developing on shale, micaschist, 
alluvial and colluvial material, resulted in a slightly reduced workability, structural 
stability or water holding capacity. Or, the nutrient holding capacity is somewhat 
lower, expressed through the advanced degree of profile development with an 
argillic horizon, or a BS between 35 and 50 %. Consequently, careful management 
related to the restoration of the cation balance might be required for continuous 
agricultural production. The landscape is nearly flat to gently sloping with slope 
gradient ranging between 0 and 13 %, and ordinary to careful management 
strategies (strip cropping, large terraces) are sufficient to reduce the risk for 
erosion. 
Capability class 3 
The number of practical alternatives for local farmers to cultivate these land units 
is clearly less than for soils in class 2. This can be due to one individual or several 
limiting landscape and soil properties. Moderately to imperfectly drained soils 
belong to this class. The limited productivity can also be due to a moderate soil 
depth, limited between 0.50 and 1.00 m, or less favourable physical properties with 
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regard to water holding capacity, structure and workability of units developing on 
granite and quartzite. In some land units crop production is limited due to the low 
natural fertility of the soil and high costs for fertilisation as the BS decreases below 
35 % and the nutrient retention capacity of strongly weathered soils with intergrade 
argillic-oxic or oxic horizons is strongly reduced. The slope gradient varies 
between 0 and 13 %. Terracing might be required in some cases. Consequently, 
these units are moderately suitable for most crops, marginally suitable for tea, and 
actually unsuitable but potentially suitable for rice. Continuous cultivation should 
be ensured through careful management related to wetness or soil loss problems. If 
the natural fertility of the units is limiting, very careful management should 
increase the possibilities for sustainable cultivation of crops.  
Capability class 4 
Land units grouped into capability class 4 are characterised by deep to moderately 
deep soils in a rolling landscape with slope gradients varying between 13 and       
25 %, or by strongly leached soils having a BS below 20 %. Soil depth may be less 
than 0.50 m, provided that this is due to a high degree of stoniness, and not to the 
presence of a lithic, paralithic or petroferric contact. The internal drainage may be 
excessively well to imperfect. The water holding capacity, soil structure and 
workability may vary considerably, as long as organic materials are excluded. Soils 
belonging to capability class 4 give marginal yields when they are used for the 
cultivation of less demanding to moderately demanding crops. The production of 
very demanding and moderately demanding crops is actually not feasible. Very 
careful management related to the restoration of the cation balance and the 
reduction of the erosion risk, is required for continued sustainable production and 
may increase the potential capability of these units. Nevertheless, due to the low 
BS, it can be expected that these units are very suitable for the production of tea.  
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Capability class 5 
Capability class 5 has been designed to group all poorly drained valley soils that 
can be cultivated during the dry season or that should be used for pastures. These 
land units are also suitable for the production of irrigated rice. The land units 
belonging to this class thus have all very specific properties reflected in the risk for 
flooding, the poor to very poor drainage or the presence of organic soil materials. 
Apart from the wetness problems and the limited workability and structural 
stability of these soils, they can also have fertility problems. Exceptional 
management is required in marshlands that can be used as ponds for the production 
of fish, associated to the cultivation of lowland crops on elevated ridges.  
Capability class 6 
Land units of capability class 6 are characterised by the combination of a shallow 
soil depth due to the presence of a lithic, paralithic or petroferric contact at less 
than 0.50 m depth, or an entic development stage, and gently slope hillsides not 
exceeding 25 %. Terracing of these shallow soils is practically impossible, and 
consequently the actual and potential use of these land units will be limited to 
pastures.  If the natural fertility of these units is rather low, the use of improved 
pastures might have a positive influence on nutrient availability. If the slope 
gradient, however, is 13 % or less, strip cropping might reduce the erosion risk and 
some upland crops could be cultivated.  
Capability class 7 
Capability class 7 groups those units that are found in mountainous regions with a 
slope gradient ranging between 25 and 55 %. The recommended land use on these 
units is forestry, but exceptional management techniques can increase the land use 
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options considerably, especially if soil depth is moderate to deep and terraces can 
be built. The deeper, strongly leached units within this capability class are actually 
also marginally suitable for the production of tea. If the soil depth is too limited for 
the production of deep-rooted trees, the land use should be limited to the 
conservation of the natural vegetation and protection of the wildlife. 
Capability class 8 
In Rwanda, lands can be unsuitable for any form of agricultural production, in 
upland areas with slope gradients exceeding 55 %. Nevertheless, the natural 
vegetation of these zones should be protected, as it can be important habitats for 
wildlife.  
3.3.2. Definition of land capability subclasses 
Subclasses are groups of capability units within classes that have the same kinds of 
dominant limitations for agricultural use. Some soils are subjected to erosion if 
they are not protected, while others are naturally wet and must be drained if crops 
are to be grown. Some soils are shallow or have nutrient deficiencies. The 
capability classification system developed for Rwanda distinguishes 9 different 
subclasses, reflecting management levels related to drainage problems, erosion 
risks, and fertility problems.   
Drainage problems 
Wetness is severely limiting the cultivation of common crops in the marshlands 
and other organic soils that can be frequently flooded. Exceptional management of 
these areas with the digging of ponds for aquaculture and use of this material to 
build ridges for the cultivation of lowland crops can increase considerable the 
agricultural capability of these zones, indicated by subclass “W”.  The design of 
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drainage systems or the creation of ditches and ridges are some very careful 
management strategies that can increase the capability of very poorly to poorly 
drained units indicated by subclass “wW”. The imperfectly drained to moderately 
drained units require careful management to reduce the negative impact of the 
slightly impeded drainage. Subclass “w” has been used to characterise the 
management for these land units. 
Risk for erosion 
The construction of terraces is only allowed where the soil depth exceeds 0.50 m 
and slope steepness is 55 % or less. Terracing will not be recommended if this 
management investment doesn’t result in an increase of the land capability for 
arable land. Pasture lands are not terraced. Where the slope gradient ranges 
between 2 and 13 %, careful or very careful management strategies are required to 
reduce land losses upon erosion. A careful management with contour tillage is 
sufficient as long as the degree of inclination is 6 % or less. Nevertheless, strip 
cropping or gradual terraces with bands of grasses or banana trees might be 
preferred, especially in steeper areas. If the slope gradient is less than 13 %, 
terraces of at least 14.5 m width are sufficient, provided that the terraces are 
maximally 2 m high. All units that require a comparable management have been 
indicated by subclass “t”. Very careful management with gradual terraces that are 
14.5 to 8.0 m wide is required if the slope gradient varies between 13 and 25 %. 
These units are recognizable by their subclass “tT”. If the actual slope gradient is 
even more, between 25 and 55 %, terraces should be constructed that are 8 to 3.5 m 
wide, and the assigned subclass is “T”.  
Fertility problems 
Management strategies for the improvement or maintenance of the nutritious status 
of the soil have only been recommended if they resulted in an increase of the 
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capability for arable land. Harvesting crops always depletes the soil nutrients, and 
therefore an ordinary management with the application of 500 kg ha-1 of grinded 
limestone every three years has been recommended on the most fertile soils with an 
estimated BS exceeding 50 %. A yearly application of 250 kg ha-1 of grinded 
limestone, should maintain the productivity of land units with a BS ranging 
between 35 and 50 %. Recommendation of this careful management has been 
indicated by subclass “f”. Where the BS varies between 20 and 35 %, a very 
careful management “fF” has been recommended. This includes the annual 
application of 500 kg ha-1 of grinded limestone during 2 years, followed by a yearly 
application of 250 kg ha-1. The more strongly depleted units require an exceptional 
management with annual applications of 500 kg ha-1 during 4 to 6 consecutive 
years, followed by the yearly application of 250 kg ha-1. This intensive 
management has been recommended on land units with subclass “F”. Indication of 
these subclasses together with capability class 6 reflects the choice for improved 
pastures to increase the natural fertility of the land. 
3.3.3. Capability classes of the individual landscape and soil parameters 
The capability classes and management levels, discussed before, were the basis for 
the assignment of capability levels to the individual landscape and soil parameters. 
Both flooding and drainage limit the aeration of the soil and might impose oxygen 
stress to sensitive crops. Soil depth and stoniness directly influence the water 
holding capacity of the soil and the possibilities for root development. They also 
have to be taken into account when determining the possibilities for terracing. The 
parent material and soil structure determine the water holding capacity, the 
workability and the supply of nutrients upon weathering. The nutrients that are 
actually retained also depend on the weathering stage of the soil, expressed by the 
presence or absence of diagnostic horizons and by the leaching strength of the 
climate, which has been evaluated by an estimation of the BS of all land units, 
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depending on their profile development and soil climate. Finally, slope gradient has 
an important influence on the sustainability of the land use, especially related to 
land losses due to erosion, but also to the water availability and workability. An 
overview of the criteria defining the capability classes of the individual landscape 
and soil parameters has been presented in Table 3.16.  
Flooding 
Flooding can be expected in very poorly drained and strongly decomposed organic 
soils with an indication of “w” in the texture symbol to which a capability class of 
5 has been assigned. In all other soil units there’s no risk for flooding, and 
consequently, they have been grouped to capability class 1.  
Internal drainage 
Poorly to very poorly drained soils have been grouped in class 5, while imperfectly 
to moderately drained soils correspond to capability class 3. All other well to 
excessively well drained soils have been assigned to capability class 1, posing no 
problems for crop production.  
Soil depth and stoniness 
Soils deeper than 1 m pose no problems for agricultural use and have been grouped 
in capability class 1. When soil depth is moderate, i.e. limited between 0.5 and    
1.0 m, the unit has been assigned to capability class 3. Shallow soils that are less 
than 0.5 m deep due to the presence of gravel have been grouped to capability  
class 4. However, when soil depth is limited to 0.5 m or less due to the presence of 
a lithic or paralithic contact, or due to the absence of diagnostic horizons, the 
assessment was much more severe and resulted in the assignment of capability 
class 6.  
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Parent material 
The most favourable soil physical properties are found in soils derived from pure 
volcanic, basaltic, basic and calcareous materials. Also volcanic alluvial materials 
and parent materials dominated by volcanic ejecta but with some granitic influence 
offer favourable properties. All these units got a capability class 1 for their physical 
properties. Shale, micaschist, and micaschist influenced by another lithological 
substrate such as volcanic ejecta and quartzite are the parent materials grouped into 
capability class 2. Also basic materials with intervening secondary granite, shale, 
micaschist, or quartzite, volcanic ejecta influenced by secondary materials different 
from granites, and colluvial material of volcanic ejecta and granite, are all 
classified in the same class. Their physical properties are still favourable for crop 
production. Granitic, micaceous granitic, granitic–quartzitic, granitic–basic, 
quartzitic, and quartzitic–schistic parent materials belong to capability class 3. 
Soils developed from these parent materials are generally characterised by a low 
water holding capacity and high stoniness. The capability classification of the 
alluvial and colluvial soils of undifferentiated materials further depends on their 
development and texture. Soils showing vertic properties have been assigned to 
capability class 2. When no vertic properties have been noticed and the texture is 
fine clayey, clayey, or loamy to sandy, the corresponding capability classes are 1, 
2, and 3, respectively. The worst physical properties have been noticed in organic 
soil materials that got a capability class 5.   
Development stage 
Although analysis of the profile data points out that most soils in Rwanda have an 
ACEC of at least 25 cmol(+) kg-1 clay, it was decided to include this land 
characteristic in the capability evaluation because of its importance for fertilisation 
strategies. The most favourable chemical conditions have been found in recently 
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developing soils with an entic or cambic development stage. They have been 
assigned to capability class 1. Capability class 2 groups all soils with an intergrade 
cambic–argillic, argillic, or vertic development stage. The strongly weathered soils, 
characterised by an intergrade argillic-oxic or oxic horizon, have been grouped in 
capability class 3. Finally, soils developing in organic materials, whether they are 
strongly or only partially decomposed, have been assigned to capability class 5.  
Base saturation 
Each BS class that has been considered previously corresponds to a certain 
management level and capability class. Land units with a BS exceeding 50 % have 
been grouped into capability class 1. The other soils have been grouped into the 
capability classes 2, 3, or 4, when their BS is between 35 and 50, 20 and 35, or 
lower than 20 %, respectively.  
Slope gradient 
According to the investments required for strip cropping or terracing, the slope 
gradient classes have been assigned to the following capability classes: units with a 
slope gradient of 2 % or less have been grouped into capability class 1; those with a 
slope gradient ranging between 2 and 13 %, 13 and 25 %, and 25 and 55 %, have 
been assigned to capability classes 2, 4 and 7, respectively; and capability class 8 
characterises those units with a degree of inclination exceeding 55 %. As the 
evaluation of slope gradient and soil depth/stoniness has such a great impact on the 
capability classification, the maximum capability class resulting from a combined 
evaluation of these two parameters has been illustrated in Table 3.17. 
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Table 3.17: Capability classification according to slope gradient and soil depth 
soil properties capability classes 
slope depth limitation slope depth overall 
(%) (m) (-) (-) (-) (-) 
> 1.00  1 1 
0.50 – 1.00  3 3 
≤ 0.50 stoniness 4 4 
≤ 2 
≤ 0.50 contacta 
1 
6 6 
> 1.00  1 2 
0.50 – 1.00  3 3 
≤ 0.50 stoniness 4 4 
2 – 13 
≤ 0.50  contact 
2 
6 6 
> 1.00  1 4 
0.50 – 1.00  3 4 
≤ 0.50 stoniness 4 4 
13 – 25 
≤ 0.50 contact 
4 
6 6 
> 1.00  1 7 
0.50 – 1.00  3 7 
≤ 0.50 stoniness 4 7 
25 – 55 
≤ 0.50 contact 
7 
6 7 
> 1.00  1 8 
0.50 – 1.00  3 8 
≤ 0.50 stoniness 4 8 
> 55 
≤ 0.50 contact 
8 
6 8 
alithic, paralithic or petroferric contact 
3.3.4. Actual and potential capability 
Regarding the overall capability classification of the land, a distinction has been 
made between the potential and actual capability. Soil depth and stoniness, parent 
material, and development stage, all parameters inherent to the land unit, determine 
its potential capability. Slope gradient can be corrected through terracing provided 
the soil is sufficiently deep. If terracing is unfeasible, the evaluation of slope 
gradient should be added to the potential capability. The actual capability is 
determined by these former properties together with those that might limit the 
capability of the unit actually, but whose limitation can be removed by adapted 
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management. Risk for flooding, internal drainage, BS and eventually an integrated 
evaluation of slope and soil depth have thus been inserted in the evaluation 
procedure too. The maximum capability class of the individual landscape and soil 
parameters finally determines the actual and potential capability. 
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3.4. National land capability 
The capability classification procedure, designed for application in Rwanda, 
resulted in the creation of several maps at scale 1:250,000 showing the individual 
capability of the different landscape and soil parameters and the final actual and 
potential capability. The whole procedure has been performed twice, once for the 
dominant soil units and once for the associated soil units of the soil map.   
3.4.1. Actual and potential capability of the dominant soil units 
Actual capability 
Actually, half of the Rwandan territory has been classified as non-arable land 
(Table 3.18, Map 3.12). Very steep units on the Congo-Nile Watershed Divide 
occupy 2 % and their management should be directed towards nature conservation. 
The agricultural zones of the Impara, the Congo-Nile Watershed Divide and large 
parts of the Buberuka Highlands have been classified suitable for forestry, together 
with the quartzite ridges in the East. They occupy 45 % of the land area and were 
largely forested in the past, although more and more land is actually deforested and 
cultivated. The units classified as suitable for pasture, occupy 10 % and largely 
correspond to the units of the volcanic plain and the East, where the soil depth is 
strongly reduced by a lithic contact or abundant coarse fragments.  
 
One fifth of the country has been classified into capability class 3 and as such 
corresponds to land suitable for the cultivation of most crops. In the East and 
South, careful management related to the prevention of erosion and the restoration 
of the nutrient balance is required to ensure a sustainable agricultural production. 
In the imperfectly drained valleys, drainage systems are needed to control the 
wetness problems. Also several units located on the volcano slopes belong to this 
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capability class because of the relatively high slope gradient that should be reduced 
by terracing.  
 
Table 3.18: Aerial extent of the actual capability classes of the dominant soil units 
at scale 1:250,000 
capability classes area 
symbol description (km²) (%) 
1 very suitable for most crops; unsuitable for tea; valleys are 
potentially suitable for irrigated rice 
1 <1 
2 very suitable for most crops; marginally suitable for tea; valleys 
are potentially suitable for irrigated rice 
1,078 5 
3 suitable for most crops; marginally suitable for tea; valleys are 
potentially suitable for irrigated rice 
4,578 19 
4 marginally suitable; deep soils are very suitable for tea; 
marginally suitable for low demanding crops; actually 
unsuitable for demanding crops 
3,524 15 
5 suitable for pasture, valley cropping during the dry season, 
irrigated rice and eventually tea 
1,074 5 
6 suitable for pasture; actually unsuitable for crops; potentially 
suitable for low demanding crops after exceptional management
2,358 10 
7 suitable for forests; actually unsuitable for crops; potentially 
suitable for low demanding crops after exceptional management
10,469 45 
8 land with serious limitations 404 2 
total   23,487 100 
 
The agricultural zone of the Granitic Ridge is largely marginally suitable for the 
production of low demanding crops. The main limitations are related to the risk for 
erosion and the low availability of water on the generally moderately deep soils, 
limited before 1.00 m depth by granite gravel. As such, a very careful management 
oriented towards erosion prevention is often required. The most strongly weathered 
soils of the South additionally require a very careful management restoring the 
cation balance. In total, this capability class occupies 15 % of the area.  
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Very suitable land units are found in the eastern valleys with Vertisols, in the 
Birunga, in the Mayaga and around the Muhazi Lake in the agricultural zone of the 
Eastern Plateau. These latter two places are characterised by the frequent 
occurrence of deep, moderately weathered soils with an argillic horizon developing 
from shales and schists. In the Birunga, the best capability class was assigned to 
some deep soil units of the volcanic plain. Capability class 1 corresponds to only 
one deep and moderately weathered soil unit, characterised by an argillic horizon 
developing in volcanic material.  
 
The valleys of the Akanyaru, Nyabarongo, and Akagera and the organic soils in the 
Buberuka Highlands are actually suitable for pasture, for the cultivation of crops 
during the dry season and for irrigated rice.  
Potential capability 
According to the potential capability classification 80 % of the country is arable. 
As such, appropriate management techniques significantly increase the capability 
of the land, especially in the West. The spatial distribution of the potential 
capability has been illustrated in Map 3.13 and an overview of the aerial extent of 
each class has been reported in Table 3.19.  
 
Although only 1 % of the territory attains capability class 1, 30 and 40 % of the 
area is classified into capability classes 2 and 3, respectively.  While the land area 
belonging to capability class 4 reduces to 4 % after terracing and the application of 
fertilisers, the land area belonging to class 5 reduces to 3 %, following the 
appropriate management strategies for the reclamation of these wetlands. Nothing 
changes with respect to the land area restricted for pastures. The soil depth of these 
land units excludes terracing. The importance of capability class 7, however, 
decreases drastically from 43 to 10 %, as most strongly sloping land units are 
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terraced. Exceptional management of some land units belonging to capability class 
8 further resulted in a reduction of the aerial extent of this class to only about 1 %. 
An overview of the necessary management strategies that have to be realised to 
obtain the potential land capability, has been given in Maps 3.14, 3.15 and 3.16. 
From a comparison of the actual and potential capability of the different units, it 
turns out that improved management has the greatest impact on the suitability of 
the land for crop production when they are applied in Western Rwanda. In Eastern 
Rwanda, the low nutrient retention capacity and the presence of physical 
limitations to root development can’t be improved and hypothecate the agricultural 
potential of the region.  
 
Table 3.19: Aerial extent of the potential capability classes of the dominant soil 
units at scale 1:250,000 
capability classes area 
symbol (km²) (%) 
1 285 1 
2 7,063 30 
3 9,398 40 
4 1,004 4 
5 807 3 
6 2,358 10 
7 2,382 10 
8 189 1 
total 23,487 100 
 
3.4.2. Actual and potential capability of the associated soil units 
Actual capability 
When classifying the associated map units, the relative importance of the different 
capability classes changes considerably compared to the capability classification of 
  Land Capability Classification 
 
 71 
the dominant land units. The actual capability of the associated soil units has been 
illustrated in Map 3.17 and Table 3.20. Striking differences have been recorded in 
the highlands as well as in the lowlands.  
 
Table 3.20: Aerial extent of the actual capability classes of the associated soil units 
at scale 1:250,000 
capability classes area 
symbol description (km²) (%) 
2 very suitable for most crops; marginally suitable for tea; valleys 
are potentially suitable for irrigated rice 
1080 5 
3 suitable for most crops; marginally suitable for tea; valleys are 
potentially suitable for irrigated rice 
4,879 21 
4 marginally suitable; deep soils are very suitable for tea; 
marginally suitable for low demanding crops; actually 
unsuitable for demanding crops 
4,572 20 
5 suitable for pasture, valley cropping during the dry season, 
irrigated rice and eventually tea 
1,315 6 
6 suitable for pasture; actually unsuitable for crops; potentially 
suitable for low demanding crops after exceptional management
3,780 16 
7 suitable for forests; actually unsuitable for crops; potentially 
suitable for low demanding crops after exceptional management
1,922 8 
8 land with serious limitations 5,417 24 
total  23,487 100 
 
The associated land units of the Congo–Nile Watershed Divide, characterised by 
very steep slopes, have been classified as land that needs special attention with 
respect to nature and soil conservation. Any form of agricultural land use in the 
actual landscape and soil conditions is to be avoided. The actual capability of the 
other high altitude belts increased because the associated land units are clearly less 
steep than the dominant ones. This resulted in a marginal suitability for agricultural 
production in the Impara and the southern borders of the Kivu Lake following the 
low BS that can be expected in the strongly leaching environment. The actual 
capability of the Birunga still varies considerably between capability class 2 and 8, 
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depending on soil depth and slope gradient. Land use in the Buberuka Highlands 
should be oriented towards lowland crops in the valleys, upland crops on the hills, 
and pasture on the shallow land units. Some associated units have been 
characterised by very steep slopes and should be protected. The overall capability 
of this region, however, is clearly higher than for the dominant units of this zone.  
 
In the middle altitude belt of the Central Plateau; the actual capability varies 
between class 3 and 8. Especially in the South, slope gradient increases 
considerably, and according to the capability classification the land use should be 
directed towards forestry. In the agricultural zone of the Granitic Ridge, however, 
the associated units are composed out of relatively deep soils in a gently sloping 
landscape. Parent material and BS determine the capability class in these regions. 
 
Also the capability of the Eastern Plateau generally increases. The shallow and 
steep land units of the appalachian relief in the North and the quartzite ridges in the 
South are associated to deeper soils where the landscape is less abrupt. 
Nevertheless, the actual capability of the South is generally limited to class 4 and 
consequently only marginal yields can be expected when these land units are 
cultivated. A very good production environment has been recorded around the 
Muhazi Lake.  
 
The presence of laterite crusts at shallow soil depth strongly limits the capability of 
the northeastern peneplains, while steep slopes limit the actual capability of the 
associated land units in the Mayaga. The moderate to imperfect drainage limits the 
capability of the lowland valleys to class 3 with a moderate suitability for most 
crops.   
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Potential capability 
With respect to the associated map units, major improvements in land capability 
are realised by appropriate management practices applied in the highlands and at 
middle altitudes, while the land capability in the lowlands generally remains 
unchanged. Table 3.21 summarises the potential capability of the associated land 
units, while Map 3.18 illustrates its spatial distribution.  
 
Table 3.21: Aerial extent of the potential capability classes of the associated soil 
units at scale 1:250,000 
capability classes area 
symbol (km²) (%) 
1 275 1 
2 4,623 20 
3 12,052 52 
4 633 3 
5 493 2 
6 3,780 16 
7 333 1 
8 776 3 
total 23,487 100 
 
The high risk for erosion and low nutrient status of the associated land units of the 
Congo–Nile Watershed Divide can be corrected through exceptional management 
with construction of very small terraces and intensive fertilisation. Consequently, 
the potential capability of these land units increases considerably so that most crops 
can be cultivated with varying success. 
 
A comparable conclusion can be drawn for the climatic regions of the Kivu Lake 
Borders and the Buberuka Highlands. The old volcanic soils of the Impara can be 
made suitable for the cultivation of most crops after appropriate management, 
while the potential suitability of most land units in the Birunga varies from class 1, 
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very suitable, to class 3, suitable for most crops. Only on those units where bombs 
or lava limit soil depth, the land use is restricted to pasture, forest or recreation. 
Construction of terraces and very careful fertilisation also increases the capability 
of the Central Plateau.  
 
High slope gradients are a major limitation of the many associated map units of the 
East. Very careful management reduces the risk for erosion, but even then the 
potential capability is determined by soil properties that are inherently limiting the 
land productivity, such as a parent material that gives poor soils with regard to 
water and nutrient availability (granite, quartzite), an advanced weathering stage 
with a low nutrient holding and water holding capacity, or the presence of a laterite 
crust limiting the soil depth. The generally favourable soil properties of the valleys 
of the Akanyaru, Nyabarongo and Akagera, allow the cultivation of valley crops on 
the imperfectly drained soils during the third agricultural season or, if these soils 
are drained, the cultivation of most crops during the rest of the agricultural year. 
 
The spatial distribution of the management strategies that can improve the land 
capability for agricultural production generally corresponds to those found for the 
dominant land units. Exceptional management related to erosion control and 
fertility is required in the West, and its importance decreases with decreasing 
altitude. The drainage problems of the associated units are more extended than that 
of the dominant units, but their extension remains limited to the valleys.   
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3.5. Discussion 
The capability classification designed for Rwanda, allows the evaluation of the 
capability of each land unit of the soil map at scale 1:250,000 for different land 
uses. These land uses have been defined in a very general way: demanding crops, 
less demanding crops, tea, irrigated rice, valley crops, pasture and forestry. The 
general way of defining land uses doesn’t permit a validation and calibration of this 
methodology using real world crop yields. Yet, the principle purpose of this 
capability classification is to identify possible limitations of the natural resources 
found in Rwanda. In fact, it is a very general interpretation of the soil map at scale 
1:250,000 in terms of agricultural production.  
 
The actual capability classification stresses the impact of the steep topography and 
leaching character of the climate in the humid West, Southwest and North, giving 
land units that are sensible to soil loss and nutrient shortage. Many of these units, 
however, are suitable for the production of tea. The rather limited agricultural 
potential of the volcanic zone is due to the presence of shallow soils developing on 
lava and volcanic ash. In reality, the region is very promising as these problems can 
be eliminated through the creation of ridges and ditches, and the cultivation of 
crops on the ridges. In the East and Southeast, the actual capability is generally 
promising except for the land units corresponding to the steep quartzite ridges or 
those where laterite crusts seriously limit soil depth.   
 
The potential capability illustrates that some management related to fertilisation 
and erosion, can considerably increase the suitability for crop production of the 
western areas, while the East is characterised by inherently limiting soil properties 
that can’t be improved through economically viable management. The land use 
capability of the Eastern Savanna is hypothecated by the strong degree of 
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weathering or shallow soil depth above a petroferric contact. Exceptions to this 
general rule are found in the region around Muhazi Lake, where most soils are 
deep, clayey, well drained, rich in basic cations and organic material. In the Central 
Plateau, it is the granitic origin of the soils, characterised by a low water holding 
capacity and high degree of stoniness, that limits their use to less demanding crops. 
The various land use types that are possible in the valleys – pasture, valley 
cropping, and irrigated rice – determine the required management strategies for the 
agricultural development of these land units.  
 
The national capability classification at scale 1:250,000 thus allowed the 
characterisation of the edaphic environment for crop production and the 
identification of major problems limiting the agricultural production in Rwanda. 
The national scale of this procedure has also some drawbacks as the mapping detail 
and the number of parameters that can be included in the classification procedure 
are limited and depending on the information offered by the soil map. As such, also 
management strategies other than drainage, fertilisation and terracing might be 
applied in Rwanda to increase the agricultural potential of promising regions. 
Nevertheless, the land capability classification is a promising method for a general 
assessment of the capability of the Rwandan territory for agricultural production, 
summarising its most important environmental opportunities, challenges and 
inherent problems.   
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CHAPTER 4. LAND SUITABILITY CLASSIFICATION 
4.1. Introduction 
The land capability classification was designed to identify the arable lands of 
Rwanda at scale 1:250,000. These arable land units are all characterised by a slope 
gradient below 25 % and a soil depth exceeding 0.50 m. Yet, the other physical and 
chemical soil properties affecting crop growth are considerably variable. 
Additionally, the diversity in climatic environments offers the Rwandan farmer the 
opportunity to cultivate temperate, humid tropical, or dry tropical crops, depending 
on the temperature and rainfall regime of his land. Qualitative land evaluation 
methods offer sound guidelines in the initial stages of land use planning studies, 
when a broad spectrum of land use alternatives and vast areas of agricultural land 
still have to be explored. In a land suitability classification the land is classified 
according to its suitability for the cultivation of a specific crop through a 
comparison of the crop-specific requirements with the actual or potential land 
characteristics.  
 
Elaboration of an agro-climatic map at scale 1:250,000 permitted to assess the 
agro-climatic suitability of the Rwandan temperature and rainfall regimes for the 
cultivation of a whole range of crops. The landscape and soil properties that are 
linked to the soil map, produced at the same scale, have been used to assess the 
agro-edaphic suitability. The cereals sorghum and maize, the tubers cassava, sweet 
potato and potato, the legumes bean and pea, and the oil crops groundnut and 
soybean are representative for the Rwandan subsistence agriculture. Also included 
in the analysis are the fruit tree banana and the cash crops tea and arabica coffee.  
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Definition of the crop requirements was based on the expert knowledge of the soil 
surveyors formerly active in the project “Carte pédologique du Rwanda” (Birasa et 
al., 1992) and on the requirements designed by Sys et al. (1993). With the 
introduction of management strategies controlling soil loss, internal drainage and 
fertility, both the actual and the potential suitability could be assessed. A flowchart 
of the different procedures has been illustrated in Fig. 4.1. 
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Fig. 4.1: Flowchart of the land suitability classification procedure designed for 
Rwanda at scale 1:250,000  
 agro-climatic units 
absence of temperature limitations 
• temperature 
availability of water 
• rainfall 
• length of growing season 
• length of dry season 
agro-climatic requirements 
absence of temperature limitations 
• temperature 
availability of water 
• rainfall 
• length of growing season 
• length of dry season 
agro-edaphic units 
wetness  
• flooding* 
• drainage 
physical properties 
• texture* 
• structure* 
• depth* 
chemical properties 
• sum of basic cations 
• base saturation 
topographic properties 
• slope gradient 
agro-edaphic requirements 
availability O2  
• risk for flooding* 
• internal drainage 
availability of H2O, roothold, workability
• texture* 
• structure* 
• effective soil depth* 
availability of nutrients 
• sum of basic cations 
• base saturation 
sustainability of practices 
• risk for soil loss* 
comparison
comparison
agro-climatic suitability 
actual agro-edaphic suitability 
potential agro-edaphic suitability* 
actual suitability 
potential suitability 
* = determining the potential suitability   
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4.2. Land characteristics 
4.2.1. Agro-climatic zones 
In Rwanda, the most relevant climatic parameters related to crop production are 
rainfall and temperature. Monthly temperature, rainfall and humidity data, recorded 
at 197 stations during the period 1974-1989 have been organised in a database and 
missing temperature and humidity data have been extrapolated following 
regression equations based on altitude. Combination of these data with the expert 
knowledge of soil surveyors working all over Rwanda resulted in several climatic 
maps. 
Temperature 
The mean annual temperature is strongly related to the altitude (Map 4.1). In the 
extreme East and Southeast, mean annual temperatures exceed 21 °C, while they 
fall below 15 °C at the highest altitudes of the Buberuka Highlands, the Birunga 
and the Congo-Nile Watershed Divide.  
 
In this equatorial country, annual variations in temperature are negligible. Diurnal 
fluctuations, however, regularly exceed 12 °C and their impact on crop production 
should not be underestimated (Ravelingien, 2001).      
Rainfall 
An enormous variability in space and time characterises the Rwandan rainfall 
regime. Rainfall totals generally increase from East to West, although the positive 
correlation of rainfall with altitude is not strongly pronounced (Map 4.2). 
Orographic rainfall strikes the eastern slopes of the Congo-Nile mountain chain, 
while the western slopes are much drier as the föhn-wind prevents the formation of 
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clouds. In southwest Rwanda, the southeastern wind, moistened by its passage over 
the Tanganyika Lake, gives rise to abundant rainfall as it strikes the western flanks 
of the mountain chain (Ravelingien, 2001). As such, annual rainfall exceeds        
1,600 mm in the volcanic region, in the southern part of the Congo-Nile Watershed 
Divide and in the Impara. The Eastern Savanna and the central part of the Bugesera 
are significantly drier, receiving less than 900 mm rainfall annually.  
 
Temporal changes in rainfall frequency have a serious impact on crop production 
too. Generally, two rainy seasons and two dry seasons can be distinguished: (1) a 
short rainy season from mid September to mid December; (2) a short dry season 
from the second part of December to the beginning of February; (3) a long rainy 
season from February to the end of May; and (4) a long dry season from the 
beginning of June to the first half of September. The total length of the growing 
period increases from East to West. In the eastern lowlands, the dry season lasts for 
four months. Year-round humid conditions are found in the region of the 
volcanoes, while also the southern part of Congo-Nile Watershed Divide enjoys a 
favourable rainfall distribution.  
Soil temperature and rainfall regime 
Following the criteria of the Soil Survey Staff (1975), two soil moisture regimes 
and three soil temperature regimes have been identified in Rwanda. Map 4.3 
illustrates their spatial distribution.  
 
The agricultural zone of the Eastern Savanna and the central part of the Bugesera 
are characterized by a ustic soil moisture regime, with a sequence of distinctly dry 
and wet seasons. All other agricultural zones of Rwanda have a udic soil moisture 
regime and enjoy a more uniformly distributed rainfall over the year.  
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With increasing altitude, the soil temperature regime evolves from isohyperthermic 
in the lowlands, characterised by temperatures equal or higher than 22 °C, to 
isomesic on the volcano slopes, where the annual temperature ranges between 8 
and 15 °C. Additionally, the Kivu Lake has a smoothing effect on the soil 
temperature regime recorded along its borders.  
Characterisation of agro-climatic zones 
The average length of the dry, intermediate and humid period in each of the 
meteorological stations was calculated from the available monthly data on 
temperature, rainfall and humidity following the procedure described by Papadakis 
(1970). According to this procedure, the water supply from rainfall during dry 
months is insufficient to meet the water demands and the crop has to rely on soil 
water reserves. In humid months, the water supply exceeds the demands, and the 
surplus of water is stored in the soil. Months with a water supply more or less equal 
to the water demand have been referred to as intermediate periods. The growing 
period has been defined as the period of the year during which agricultural 
production is possible thanks to a sufficient water supply and the absence of 
temperature limitations. In Rwanda, all intermediate and humid months belong to 
the growing period.  
 
Integration of the knowledge on temperature, rainfall, soil temperature and 
moisture regime and the length of the growing period with the expert knowledge of 
the soil surveyors, resulted in the delineation of 10 agro-climatic zones (Map 4.4), 
which correspond very well to the agricultural regions identified by Delepierre 
(1974). The agricultural regions of the Imbo, Impara, Kivu Lake Borders, Birunga, 
Congo-Nile Watershed Divide, Buberuka Highlands, and the Eastern Plateau have 
been retained in the agro-climatic map. One agro-climatic region, referred to as the 
Central Plateau, has been made up by the Central Plateau and the Granitic Ridge 
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agricultural zones, having similar agro-climatic conditions. The Bugesera 
agricultural zone has been split in the central and peripheral Bugesera. The Mayaga 
and Peripheral Bugesera constitute the ninth agro-climatic region; the Eastern 
Savanna and Central Bugesera is the tenth and driest agro-climatic region of 
Rwanda. Table 4.1 gives an overview of the number of stations representing the 
climate in each of the agro-climatic zones together with the average, maximum and 
minimum values for altitude, annual temperature, annual rainfall and length of the 
dry season. The high variability in climatic parameters recorded in all agro-climatic 
zones is striking and should be taken into account when performing the land 
suitability classification.   
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4.2.2. Agro-edaphic zones 
In the chapter on the land capability classification, the topographical, 
morphological and physical characteristics of the soil units at scale 1:250,000 have 
been described in detail. With respect to the chemical properties, the ACEC and BS 
were estimated from the available data on soil profile development stage, reflecting 
the intensity of weathering, and the agricultural zone, reflecting the impact of the 
parent material and the leaching strength of the climate. Originally, both 
parameters have been introduced in the land evaluation methodology because they 
were easily available or derivable from recorded morphological characteristics or 
from the soil classification name. In Rwanda however, the interpretation of these 
properties is not evident when variable charged minerals dominate the clay 
fraction, which is the case in the volcanic region and eastern peneplains. The sum 
of the basic cations Ca, Mg and K, recorded in the upper 0.25 m of the soil surface, 
is therefore a more reliable indicator of the availability of nutrients.  
 
Map 4.5 illustrates the spatial distribution of the weighted average sum of basic 
cations (SBC) in the upper 0.25 m of the soil surface recorded in 1,378 profiles. 
The class limits were determined by a quantile classification procedure, assigning 
the same number of records to each class. The SBC clearly increases from West to 
East, except for the soil profiles located in the Birunga and the Imbo which are 
characterised by a SBC exceeding 11 cmol(+) kg-1 soil. As such, climate and parent 
material clearly influence the level of this chemical parameter.  
 
Further analysis of the soil profile database was conducted towards a grouping of 
the profiles according to parent material, agricultural zone and development stage. 
A considerable variability in SBC due to differences in land use and topographical 
position remained unresolved in most groups. Nevertheless, a classification key for 
the estimation of this chemical parameter in each soil unit could be designed (Table 
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4.2). Definition of the SBC classes was based on the crop requirements designed 
by Sys et al. (1993).  
 
Table 4.2: Key for estimating the SBC of the soil units at scale 1:250,000 
parent material agricultural zonea development stageb SBC 
(-) (-) (-) (cmol(+) kg-1 soil) 
alluvium any any > 5.0 
colluvium any any 2.0 – 3.5 
calcareous rocks any any > 5.0 
basic rocks any any > 5.0 
basalt any C, A > 5.0 
  K ≤ 2.0 
granite 3, 5 any 2.0 – 3.5 
 6, 11, 12 any 2.0 – 3.5 
 7, 8, 9 E 3.5 – 5.0 
  C, A 2.0 – 3.5 
  K ≤ 2.0 
schists 1, 2 C 3.5 – 5.0 
  A 2.0 – 3.5 
  K ≤ 2.0 
 3, 5 any ≤ 2.0 
 6, 7, 8 E, C, K ≤ 2.0 
  A 3.5 – 5.0 
 9 any > 5.0 
 10 E ≤ 2.0 
  K, O 2.0 – 3.5 
  C, A 3.5 – 5.0 
 11, 12 E ≤ 2.0 
  C, A, K > 5.0 
  O 3.5 – 5.0 
quartzite-schists 1 to 9 any 2.0 – 3.5 
 10, 11, 12 any 3.5 – 5.0 
quartzite any any 2.0 – 3.5 
volcanic material any any > 5.0 
any any V > 5.0 
a 1: Imbo; 2: Impara; 3: Kivu Lake Borders; 4: Birunga; 5: Congo-Nile Watershed Divide; 
6: Buberuka Highlands; 7: Central Plateau; 8: Granitic Ridge; 9: Mayaga; 10: Birunga; 
11: Eastern Plateau; 12: Eastern Savanna  
b  E: entic; C: cambic; A: argillic; K: intergrade argillic-oxic; O: oxic; V : vertic 
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The alluvial, volcanic, and calcareous soils are characterised by a SBC exceeding  
5 cmol(+) kg-1 soil. Also the soils derived from basic parent material or soils 
characterised by vertic properties have an equally high SBC. The availability of 
nutrients in soils developing on shales and schists depends on the leaching strength 
of the climate and the development stage. The SBC is clearly higher in the 
lowlands than in the highlands where the nutrient level strongly decreases with an 
increase in weathering intensity. Soils developing on quartzitic material generally 
have a SBC ranging between 2.0 and 3.5 cmol(+) kg-1 soil, except in the eastern 
lowlands where the SBC exceeds 5 cmol(+) kg-1 soil. Soils derived from granitic 
material have been identified at three different locations. Those in the agricultural 
zones of the Kivu Lake Borders and the Congo-Nile Watershed Divide are 
characterised by a SBC ranging between 2.0 and 3.5 cmol(+) kg-1 soil, independent 
on the development stage. The same applies to the soils derived from granites in 
the agricultural zones of the Eastern Plateau and the Eastern Savanna. In the 
Central Plateau, Granitic Ridge and Mayaga agricultural zones, the lowest SBC has 
been reported in soils with an intergrade argillic-oxic horizon. Soils with a cambic 
or argillic horizon have an intermediate fertility level, while those with an entic 
development stage are the richest.  
 
The spatial distribution of these SBC classes has been illustrated in Map 4.6, while 
their aerial extent has been summarised in Table 4.3. Half of the Rwandan territory 
is characterised by soils with a low SBC, being less than 3.5 cmol(+) kg-1 soil. The 
poorest soils are found in the Impara where the originally rich basaltic material is 
leached out completely. Also the deep soils of the Congo-Nile Watershed Divide 
lost most of their nutrients. In the middle altitude regions and in the lowlands, the 
lowest SBC values have been reported in the degraded, shallow and steep soils 
developing on shales and schists. A low SBC is also characteristic for the soils 
derived from granite and for the strongly weathered soils of the Bugesera. An 
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intermediate level of SBC has been recorded in the deeper soils having an argillic 
horizon in the Buberuka Highlands, Central Plateau and Eastern Plateau. The 
highest nutrient levels are found in the alluvial valleys, in the volcanic plain and in 
the soils derived from shales and schists in the agricultural zone of the Mayaga. In 
the agricultural regions of the Eastern Plateau and Eastern Savanna, the highest 
nutrient levels are found in the soils developing on shales and schists and having an 
advanced development stage. In these latter two regions, also the soils with an 
intergrade argillic-oxic or oxic horizon thus are characterised by favourable 
nutrient levels.      
 
Table 4.3: Aerial extent of the SBC classes of the dominant soil units at scale 
1:250,000 
sum of basic cations  area 
symbol (-) description (cmol(+) kg-1 soil)  (km²) (%) 
1 > 5.0  5,969 25 
2 3.5 – 5.0  4,489 19 
3 2.0 – 3.5  6,150 26 
4 ≤ 2.0  6,072 26 
 immobilised in organic matter  807 3 
total   23,487 100 
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4.3. Crop requirements 
The land suitability at scale 1:250,000 has been assessed for 12 important crops of 
the Rwandan agriculture: common bean, maize, sorghum, pea, sweet potato, 
potato, cassava, groundnut, soybean, banana, arabica coffee and tea. The specific 
requirements of each of these crops have been summarised in Tables 4.4 to 4.15. 
4.3.1. Suitability classes 
The guidelines for the definition of the suitability classes offered by the FAO 
(1976) have been followed. Two suitability orders and five suitability classes have 
been distinguished. Suitable land is land on which the sustained use is expected to 
yield benefits that will justify required recurrent inputs without unacceptable risk to 
land resources on the site and in adjacent areas. Within this order, 3 suitability 
classes have been distinguished: S1, very suitable; S2, moderately suitable; and S3, 
marginally suitable. No firm criteria have been given for defining the classes, 
which permits complete freedom in the choice of the criteria determining the class 
limits. Unsuitable land is land having characteristics which appear to preclude its 
sustained use for the defined land utilisation type or which would create 
production, upkeep and/or conservation problems requiring a level of recurrent 
inputs unacceptable at the time of interpretation. Two different suitability classes 
can be distinguished within this suitability order: N1, actually unsuitable but 
potentially suitable and N2, actually and potentially unsuitable.   
4.3.2. Agro-climatic requirements 
In tropical Africa, the main climatic determinant for crop production is rainfall. 
Nevertheless, low temperatures hamper the successful cultivation of tropical crops 
in the high altitude regions where temperate crops or high-altitude tropical crops 
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are more adapted to the climatic conditions. The temperature regime is strongly 
correlated with altitude, varies only slightly annually but is characterised by 
important diurnal variations. Rainfall, as well as temperature, is spatially and 
temporally strongly variable and both are thus determining the suitability for a 
whole range of crops. Several experts of the Rwandan climate, pedology and 
agriculture determined the crop-specific climatic demands (Birasa et al., 1992).  
Altitude and temperature 
With respect to the temperature requirements, the selected crops have been grouped 
into 5 classes. Potato is a typical crop of high-altitude tropical regions and requires 
temperatures below 22 °C. Taking into consideration the diurnal variations, 
marginal conditions have been found at an altitude between 1,500 and 1,800 m. 
Higher temperatures at lower altitudes are unsuitable for the production of this 
crop. The opposite is true for groundnut and cassava, both requiring warm and 
sunny conditions with a mean annual temperature exceeding 17 °C. Unsuitable 
temperatures have been reported at altitudes exceeding 1,900 m. The temperature 
requirements of banana are much less severe, but the low temperatures at 2,000 m 
or higher are unsuitable. Arabica coffee requires moderate temperatures without 
large differences in daily minima and maxima. Consequently, the production of 
this crop is only feasible at an average altitude ranging between 1,300 and 1,900 m. 
The high altitude areas are marginally suitable to unsuitable for the production of 
sweet potato, sorghum and soybean, which are quite well adapted to warm and dry 
tropical regions. Tea, pea, common bean and maize pose the lowest demands to 
temperature.  
Rainfall 
Also with respect to the rainfall demands, a high variability among the selected 
crops has been reported. The annual rainfall totals recorded in Rwanda are very 
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suitable or moderately suitable for the production of groundnut, cassava, soybean, 
common bean and sorghum. Rainfall totals below 900 mm are marginal for the 
production of maize, sweet potato and banana, but very suitable conditions have 
been reported where the annual rainfall is at least 1,000 mm. For the successful 
production of arabica coffee, the rainfall totals have to attain at least 1,100 mm. 
With decreasing rainfall, the suitability becomes moderate or marginal. Rainfall 
totals below 900 mm annually are unsuitable. Regularly distributed rainfall is 
important for the growth of the high altitude crops pea and potato. No additional 
rainfall requirements have been defined for potato as the increased water demands 
are also reflected in the altitude requirements. With respect to pea, at least       
1,300 mm of annual rainfall is very suitable, while the water supply is marginal 
when total rainfall drops below 1,200 mm annually. The cash crop tea poses 
comparable requirements, but its cultivation becomes unfeasible where annual 
rainfall is less than 1,100 mm.   
Length of the dry season 
Additional requirements have been defined with respect to the duration of the dry 
season for the cultivation of sorghum and tea. Sorghum prefers areas with a dry 
season length of maximally 4 months. A moderate suitability has been reported if 
the dry season lasts longer. Under these conditions, tea production is unfeasible. A 
dry season of 3 to 4 months is marginally suitable, while very suitable 
environments are characterised by a dry season of maximum 2 months.     
4.3.3. Agro-edaphic requirements 
Important edaphic parameters affecting the land suitability for agricultural 
production are risk for flooding and internal drainage, texture and structure, soil 
depth and sum of basic cations. They affect the workability and the availability of 
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oxygen, water and nutrients. Additionally, the slope gradient affects the 
workability and sustainability of the selected land use.  
 
Reference documents for the design of landscape and soil requirements were the 
requirement tables designed by Sys et al. (1993). These general guidelines were 
adapted to the specific environmental conditions of Rwanda.  
Slope gradient 
The slope gradient determines not only the possibilities for mechanised agriculture, 
it also sets production limits to small-scale farmers. Crop independent suitability 
classes based on the slope gradient classes: 0–8 %, 8–16 %, 16–30 %, 30–50 %, 
and over 50 %, have been defined by Sys et al. (1993). In Rwanda, the cartographic 
landscape legend distinguished slope classes with slightly different class 
boundaries and the evaluation of slope gradient thus had to be adapted to the 
available data. Very suitable for crop production is a gradient equal to or smaller 
than 6 %. A slope gradient between 6 and 13 % is moderately suitable, while a 
gradient between 13 and 25 % is only marginally suitable. Actually unsuitable, but 
potentially suitable are the units with a gradient exceeding 25 %, but being lower 
or equal to 50 %. Units with a degree of inclination exceeding 55 % are both 
actually and potentially unsuitable for crop growth. This classification key is valid 
for all crops, except for tea. In Rwanda, the cultivation of tea is especially 
concentrated in the hilly areas around the Congo-Nile Watershed Divide, and thus 
it was decided to design a tea-specific suitability classification key for slope 
gradient. A slope gradient of 13 % or less is very suitable; a degree of inclination 
ranging from 13 to 25 % is moderately suitable. Gradients between 25 and 55 % 
are marginally suitable, while the cultivation of any crop is excluded if the gradient 
exceeds 55 %.  
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Flooding and drainage 
Wetness limitations are related to risk for flooding and internal drainage. In 
Rwanda, flooding can be expected in soil units characterised by very poorly 
drained, organic soils. Although it is known that some crops can stand flooding for 
some time, while others cannot tolerate water logging at all, a crop independent 
evaluation had to be designed because data on frequency and depth of flooding 
were not available. All soils without any risk for flooding thus are optimal for crop 
growth. The management requirements in order to make the soils that are regularly 
subjected to flooding suitable for the selected crops run beyond the possibilities of 
the farmers. Consequently any risk for flooding is actually and potentially 
unsuitable.  
 
When designing the crop requirements regarding internal drainage, the crop 
specific tolerance for impeded drainage has been taken into account. According to 
the requirements developed by Sys et al. (1993), two different crop groups have 
been distinguished. Groundnut, cassava, and arabica coffee are very sensitive to 
waterlogging. The other crops stand waterlogging for some time. In the 
cartographic legend, three drainage classes have been distinguished: excessive to 
well, moderate to imperfect, and poor to very poor. When designing new 
requirements, the preference of groundnut, cassava and coffee for well-drained 
soils has been respected. A well to excessive internal drainage is very suitable for 
the production of these crops. If the internal drainage is moderate or imperfect, the 
suitability is moderate to marginal. Poorly drained and very poorly drained soils 
are actually unsuitable but they can be properly managed to remove the wetness 
problems. The suitability classification for drainage designed for the other crops is 
quite similar, except for the moderately and imperfectly drained soils, which have 
been classified as very suitable to moderately suitable, and for the poorly to very 
poorly drained soils that are marginally suitable to actually unsuitable.  
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Texture and structure 
The evaluation of these parameters has been adapted to the limited data that were 
available through the cartographic legend. Four different texture classes had been 
distinguished based on clay content, while the requirements developed by Sys et al. 
(1993) are based on all texture classes of the USDA textural triangle together with 
an assessment of structure. Fine textured soils with vertic properties (v) are usually 
classified one level lower than the soils with a well-developed, blocky structure (s).  
All texture classes are very suitable for the production of sweet potato, except 
where a clay content exceeding 60 % is associated with vertic properties. These 
soils have been classified as moderately suitable. Groundnut, potato and cassava 
should be preferably cultivated on coarse textured soils, facilitating the harvest of 
the pods and tubers. Arabica coffee and banana clearly prefer fine textured soils, 
while tea production is best on soils with an intermediate clay percentage. Soils 
with vertic properties, however, are unsuitable for the production of arabica coffee 
and tea. All other crops don’t have a strongly expressed preference for a certain 
texture class.  
 
Organic soils have a high pore volume (low bulk density) that causes considerable 
problems for the reclamation. The removal of water through drainage is necessarily 
associated with shrinkage and compaction of the loose organic matter and 
subsequent considerable subsidence of the land surface. After removal of the plant 
cover, the low thermal conductivity of the organic material allows very high 
temperatures to build up in the upper few centimetres of Histosols exposed to 
direct solar radiation. This causes irreversible transformation of organic colloids 
and makes the organic material crumble to a dry "powder" which is very 
susceptible to wind erosion. The lower parts of the solum, in contrary, heat up 
slowly which can be unfavourable for plant development in colder environments 
(FAO, 2000). The very different physical properties of organic soils compared to 
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mineral soils thus seriously limit their suitability for the cultivation of the selected 
crops. Consequently, they have been classified as actually and potentially 
unsuitable.  
 Soil depth 
Also the evaluation of soil depth was strongly limited to the three depth classes 
used by the soil surveyors: shallow soils from 0 to 0.50 m, moderately deep soils 
from 0.50 to 1.00 m and deep soils of more than 1.00 m depth. Nevertheless, the 
classification was designed to reflect the crop specific preferences. Very shallow 
soils, being less than 0.25 m deep have not been taken into consideration. They 
should not be cultivated but well managed to avoid further degradation. Soil depth 
is one of the most important parameters when determining the suitability for the 
production of arabica coffee. This perennial crop requires very deep soils for an 
optimal growth. The soil depth class exceeding 1.00 m has therefore been classified 
as very suitable to moderately suitable. Marginal conditions are found in 
moderately deep soils, while shallower soils are unsuitable for arabica coffee. Also 
cassava requires deep to moderately deep soils. Sorghum can be grown 
successfully on shallow soils. A soil depth of 0.50 m or less is moderately suitable; 
a greater soil depth is very suitable. All other crops are moderately demanding with 
respect to soil depth. Deep soils are very suitable, moderately deep soils are very 
suitable to moderately suitable while shallow soils are marginally suitable.  
Sum of basic cations 
According to the suitability classification designed by Sys et al. (1993), the 
selected crops can be classified into 3 groups. Maize, pea, and arabica coffee are 
the most demanding crops. A SBC exceeding 5.0 cmol(+) kg-1 soil is very suitable. 
With decreasing nutrient level, the suitability becomes moderate or marginal. The 
soil is actually unsuitable if the SBC drops below 2.0 cmol(+) kg-1 soil. Common 
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bean, soybean, banana, groundnut, sweet potato, potato and sorghum are 
moderately demanding. A SBC exceeding 3.5 cmol(+) kg-1 soil is very suitable, 
while a SBC of 2.0 cmol(+) kg-1 soil or less is marginally suitable for the 
production of these crops. Cassava and tea can be grown successfully on strongly 
leached soils with a SBC of maximally 2.0 cmol(+) kg-1 soil. Additionally, a low 
BS is essential for the optimal growth of tea.  
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4.4. Land suitability classification procedure 
4.4.1. Agro-climatic suitability 
Comparison of the crop requirements with respect to altitude, rainfall and length of 
the dry period, with the actual characteristics of each agro-climatic zone, resulted 
in the assignment of a suitability class for these three parameters. Because of the 
large variability in most of the agro-climatic zones, very different suitability classes 
were calculated depending on whether the average, maximum and minimum 
recorded values were inserted in the evaluation. Based on these results the 
evaluator estimated the average suitability of the climatic parameters in all agro-
climatic zones. The suitability class of the most limiting climatic parameter 
determined the overall climatic suitability of the agro-climatic zone. Limitations 
due to temperature or rainfall were indicated with a suffix “a” (altitude) or “p” 
(precipitation).  
4.4.2. Agro-edaphic suitability 
Comparison of the cartographic data with the parameter values in the requirement 
tables resulted in the assignment of a suitability class for each individual landscape 
and soil parameter.  
4.4.3. Actual and potential land suitability 
The final overall actual and potential land suitability of each land unit was 
attributed by the maximum limitation method: the resulting suitability classes for 
climate and those for the individual landscape and soil parameters were compared, 
and the most limiting one defined the overall land suitability. The suitability 
classes for climate, slope gradient, flooding, drainage, texture and structure, soil 
depth, SBC and eventually BS defined the actual suitability. The potential 
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suitability has been determined by an evaluation of the suitability of climate, 
flooding, soil texture and structure and soil depth, provided that the soil is deep 
enough to correct the slope gradient through terracing.  
 
Subclasses were added referring to the kind of production limitation. Different 
subclasses taken into consideration were (1) climatic constraints, indicated by a 
suffix “c”; (2) topographical problems, indicated by a suffix “t”; (3) wetness 
problems, indicated by a suffix “w”; (4) physical soil limitations, indicated by a 
suffix “s”; and (5) soil fertility problems, indicated by a suffix “f”. High erosion 
risk, excessive wetness and nutrient mining can be corrected using appropriate 
management strategies, such as terracing, drainage, fertilisation, or liming of the 
soil surface up to a pH of 5.5.  
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4.5. National land suitability  
The suitability of the climatic conditions in the 10 agro-climatic zones has been 
assessed for the cultivation of the 12 selected crops. Next, the actual and potential 
suitability of the dominant land units has been calculated. In order to illustrate the 
importance of the land suitability for the cultivation of common bean on the 
associated units, their actual and potential suitability has been discussed as well.    
4.5.1. Common bean (Phaseolus vulgaris L.) 
Climatic suitability 
The tropical climate tempered by the high altitude of Rwanda is ideal for the 
cultivation of common bean. Map 4.7 illustrates the spatial distribution of the 
climatic suitability. In the agro–climatic region of the Eastern Savanna and Central 
Bugesera, the annual rainfall drops frequently below 1,000 mm, and consequently 
its suitability is moderate. A high to moderate suitability has been recorded in the 
other lowland agro–climatic regions of the Mayaga and Peripheral Bugesera, and 
the Eastern Plateau. In the agro–climatic regions of the middle and high altitudes, 
temperature and rainfall are optimal for the cultivation of common bean.  
Actual suitability of dominant land units 
According to the suitability classification designed for Rwanda, the actual 
suitability for the production of common bean generally increases from the West to 
the East (Map 4.8). In the agricultural regions of the Imbo, Impara, Kivu Lake 
Borders, Congo–Nile Watershed Divide, Buberuka Highlands and Central Plateau, 
the main limiting factor for the cultivation of this crop is the rough topography 
characterised by steeply sloping hillsides. The high degree of inclination associated 
to deep soils resulted in the assignment of the “actually unsuitable, but potentially 
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suitable” – class. After terracing of the arable land, the restoration of the cation 
balance through fertilisation and liming is of great importance. High soil fertility 
has been recorded in the Birunga. Its suitability ranges from very suitable to 
actually and potentially unsuitable. In the volcanic plain, soil depth is generally 
limiting the suitability to a marginal level. Where soils are deep, a very high 
suitability has been recorded. The volcano slopes are generally too steep to allow 
an optimal production. Their suitability depends on the slope gradient. At middle 
altitude, slope steepness is also dominating the suitability classification for the 
cultivation of common bean in the agricultural zone of the Granitic Ridge and the 
Eastern Plateau, resulting in a marginal and moderate suitability, respectively. 
Shallow soils with a slope gradient exceeding 25 % can’t be terraced and have been 
classified as actually and potentially unsuitable. These land units are particularly 
abundant in the East and Southeast and South of the Buberuka Highlands. The 
well-drained lowlands, on the contrary, have been classified as moderately suitable. 
The rolling hills are moderately suitable for their gentle slopes. On the peneplains 
in the Northeast and South, the low fertility level limits bean productivity. In the 
Bugesera, also the high subsoil stoniness often restricts the suitability of the units 
developing on granite to a marginal level. A very fine texture, shrink and swell 
properties or drainage problems limit the suitability of the lowland valleys. The 
Vertisols of the Northeast have been classified as moderately suitable. The 
suitability of the mineral soils in the valleys of the Akagera, Nyabarongo and 
Akanyaru valleys varies between moderately suitable and actually unsuitable, 
depending on the severity of the wetness problems. The valley of the Imbo 
received the most favourable suitability class: very suitable for the moderately 
drained units and moderately suitable for the imperfectly drained units. In the 
Eastern Savanna, the suitability of the best soil units is limited to a moderate level 
because of the dry weather.   
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Potential suitability of dominant land units 
Serious investments in terracing and fertilisation will increase the suitability of the 
western highlands considerably (Map 4.9). As such, the potential suitability in 
western Rwanda is varying between very suitable and marginally suitable, 
depending on the effective soil depth. Low annual rainfall and shallow soils further 
restrict the potential suitability in eastern Rwanda. Consequently, the suitability 
ranges from very suitable to marginally suitable. Nevertheless, additional attention 
should be given to the low nutrient content and retention of the most strongly 
weathered soils and the fragility of the land units on quartzite ridges. Wetness 
control in the valley and terracing of the slopes make the Imbo very suitable for 
bean production. The organic soils in the valleys of the Rugezi, Mulindi, Akanyaru 
and Akagera are actually unsuitable. The very poorly drained units risk flooding, 
the soil depth might be limited by the presence of a shallow groundwater table, 
while the nutrients are immobilised by the organic matter. The special management 
strategies related to drainage and fertilisation, required to improve these units for 
arable land are actually beyond the reach of the farmers. These valleys are 
currently occupied by papyrus and rice, two crops that are much more suited to this 
specific environment. With respect to common bean, organic soils thus have been 
classified as actually and potentially unsuitable.  
Actual suitability of associated land units 
The actual suitability of the associated units reflects much more extremes than that 
of the dominant units, although the same general remarks remain valid (Map 4.10). 
Steep topography limits the suitability of the western soil units drastically, 
especially in the agricultural zones of the Congo–Nile Watershed Divide and the 
Central Plateau that are actually and potentially unsuitable or marginally suitable. 
Slope gradient, SBC and drainage restrict the suitability of the Buberuka 
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Highlands, ranging from moderately suitable to actually and potentially unsuitable. 
The same applies to the agricultural zone of the Granitic Ridge with soils units that 
are moderately suitable to actually unsuitable, but potentially suitable with 
appropriate management. The suitability of the Birunga for bean production is also 
strongly variable and depends on soil depth and slope gradient.  The slope gradient 
sets the suitability level in the Impara, while the other soil properties and the 
climatic conditions are very favourable. In the agricultural region of the Imbo, the 
steeply sloping soil units are actually and potentially unsuitable, while the 
relatively flat valley is occupied by fine clayey soils with vertic properties. The 
best conditions for the cultivation of common bean have been found in the East, 
beneath the Muhazi Lake, in small parts of the Mayaga and the Bugesera, where 
the rather low rainfall determines the high to moderate suitability. In the Mayaga, 
steep slopes limit the suitability of the soil units on the right bank of the Akanyaru, 
while the impeded drainage makes the valley marginally suitable to actually 
unsuitable, depending on whether the soils are moderately or imperfectly drained. 
In the southeast of the Eastern Plateau, the steeply sloping, shallow soil units on the 
quartzite ridges are only marginally suitable. In the well-drained lowlands of the 
Bugesera and Eastern Savanna, the suitability is moderate to marginal. In these 
gently sloping areas, soil fertility, soil depth and annual rainfall are the main 
production constraints. The poorly drained valleys are moderately suitable, 
marginally suitable, or actually unsuitable, depending on the degree of wetness.  
Potential suitability of associated land units 
Map 4.11 illustrates the potential suitability of the associated land units. The very 
steep soil units of the Congo–Nile Watershed Divide and Central Plateau are 
actually and potentially unsuitable for the cultivation of common bean. Investments 
in terracing and fertilisation result in a serious increase of the suitability of all other 
land units, except for those in the dry and strongly weathered East. The Impara and 
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a large part of the Central Plateau and the Granitic Ridge generally are potentially 
very suitable. The other land units of these agricultural zones are very suitable to 
moderately suitable, depending on the soil depth. In the Birunga, the Mayaga, rhe 
Bugesera and the Eastern Plateau, the land suitability ranges from very suitable to 
marginally suitable depending on soil depth and annual rainfall totals. Also in the 
Buberuka Highlands, appropriate management practices improve considerably the 
suitability of most units. The long dry period in the East restricts its suitability to a 
moderate level and the moderate suitability of the Imbo is due to the swell and 
shrink properties of the valley soils. Upon drainage or other management strategies 
reducing the wetness problems, the other valleys become very suitable to 
moderately suitable.  
 
The soil units that, according to the capability classification, have been classified as 
non-arable land because of their slope gradient exceeding 55 % or because of the 
combination of a slope gradient exceeding 25 % and a soil depth of less than     
0.50 m are also assigned to the “actually and potentially unsuitable” class in the 
suitability classification. They are especially abundant on the steeply sloping 
shores of the Kivu Lake and on the quartzite ridges in the North, East and 
Southeast. The same applies when classifying these land units for the cultivation of 
the other crops for which the suitability of the dominant land units has been 
discussed below.  
4.5.2. Maize (Zea mays L.) 
In Rwanda, common bean and maize are often grown together in a mixed cropping 
system. Both crops share several climatic, landscape and edaphic requirements, 
although maize is somewhat more demanding. From a climatic point of view, 
maize is more sensitive to water shortage or low temperature. Consequently, the 
cool, high altitude zones of the Congo–Nile Watershed Divide, the Birunga, and 
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the Buberuka Highlands are very suitable at the lower altitudes, and moderately 
suitable at the highest elevations. The water and temperature regime are optimal in 
the agro-climatic zones of the Imbo, Impara, Kivu Lake Borders and Central 
Plateau. In the eastern lowlands, low rainfall limits maize production considerably, 
and a moderate suitability has therefore been assigned to the agro-climatic zone of 
the Eastern Plateau while the Eastern Savanna and Central Bugesera are 
characterised by a moderate to marginal suitability. An overview of this climatic 
suitability has been shown in Map 4.12.  
 
From an edaphic viewpoint, maize requires a higher chemical soil fertility level 
than common bean. Only those soils with a SBC exceeding 5.0 cmol(+) kg-1 soil 
fully meet the crop demands. However, most of the time other parameters 
determine the overall actual land suitability, such as the soil depth in the volcanic 
range, drainage in the Imbo, and low precipitation in East Rwanda. The actual 
suitability for maize is thus similar to that discussed for common bean, except for 
the different climatic requirements that have an impact on the suitability 
classification of the eastern lowlands and the higher fertility demands that resulted 
in a lower marginal suitability of the Bugesera.  
 
Also the potential suitability for maize production equals that for bean, although 
somewhat higher investments in fertilisation are required, while the climate sets the 
production limit in the high altitude regions and in the low rainfall zones. The 
actual and potential suitability for the production of maize have been shown in 
Map 4.13 and 4.14, respectively. 
 
Land Suitability Classification 
 
 117 
4.5.3. Sorghum (Sorghum bicolor (L.) Moench) 
Another cereal that is frequently cultivated in Rwanda is sorghum. This crop is 
more drought tolerant than maize and also poses less severe demands to the soil. 
The suitability for the cultivation of sorghum in the different agro–climatic regions 
in Rwanda has been illustrated in Map 4.15. The middle altitude regions are very 
suitable for the cultivation of sorghum. The dry eastern lowlands are very suitable 
to moderately suitable, while the low temperatures recorded in the high altitude 
regions limit their suitability to marginal conditions.  
 
The suitability classification for slope gradient, flooding, internal drainage, soil 
texture and SBC is equal to that of common bean. With respect to soil depth, 
sorghum is one of the least demanding crops as the effective soil depth should be at 
least 0.50 m to allow optimal growth. The overall actual and potential suitability of 
the dominant soil units for the production of sorghum has been illustrated in Map 
4.16 and 4.17. It largely corresponds to the suitability classification for common 
bean, except for some soil units in the agricultural zones of the Bugesera and the 
Eastern Plateau characterised by shallow soils that increased in suitability level, 
and the differences in climatic requirements that limit sorghum production 
seriously in the Birunga.  
 
The potential suitability for sorghum production has been set by the climate for a 
large part of the country, showing no inherent landscape or soil properties related 
to the slope gradient, soil depth, soil texture and soil structure, that might limit 
sorghum development. Sorghum thus has a high production potential in all middle 
and low altitude regions of Rwanda.  
Chapter 4   
 
118   
4.5.4. Pea (Pisum sativum L.) 
Next to common bean, pea is a regularly cultivated legume in Rwanda. The 
climatic environment suited for the production of pea, however, is quite different. 
Pea requires relatively low temperatures and a well-distributed rainfall. As such, 
the climate of the Rwandan highlands is very suitable to moderately suitable. With 
increasing temperatures and decreasing rainfall amounts, the suitability of the 
climate decreases to marginal conditions reported in the eastern lowlands and in the 
agricultural zone of the Imbo (Map 4.18).  
The edaphic requirements of this legume are similar to those needed for the 
successful cultivation of maize and thus their actual and potential land suitability 
classification are alike, except for important differences due to the preference of 
pea for the cool humid high altitude areas (Map 4.19 and 4.20). Marginal climatic 
conditions determine the actual and potential suitability of the East and South. 
Actually, the best land units have been reported on the deep soils of the volcano 
slopes. The steep topography limits the suitability in the other high altitude areas.  
After terracing and fertilization of the land units in the agricultural zones of the 
Congo-Nile Watershed Divide, Impara, Kivu Lake Borders and Buberuka 
Highlands they become very suitable to moderately suitable for the cultivation of 
this crop. In the volcanic plain, the limited soil depth restricts the production 
potential.    
4.5.5. Cassava (Manihot esculenta Crantz) 
Cassava is the tuber crop of the lowland regions in Rwanda. When compared to 
sorghum, its temperature and rainfall demands are higher: cassava requires a warm, 
sunny environment and annual rainfall totals of at least 1,000 mm. The warm agro–
climatic regions of the Imbo and the Mayaga and the Peripheral Bugesera, are 
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optimally suited for the cultivation of this crop. Low and erratic rainfall limits the 
suitability of the other agro-climatic zones of the lowlands. The higher altitude and 
lower temperatures in the Impara, Kivu Lake Borders and Central Plateau slightly 
decrease cassava growth. Temperatures are too low in the high altitude regions. An 
overview of the climatic suitability for cassava has been given in Map 4.21. 
 
From an edaphic viewpoint, tuber crops generally prefer deep, well drained, and 
coarse textured soils. On the well-drained land units the actual suitability for 
cassava production is determined by the slope gradient and the fine texture of the 
soils in the West, and the slope gradient and soil depth on the Central Plateau and 
Granitic Ridge (Map 4.22). The enclosed high altitude regions are climatically 
unsuitable. Climatic characteristics also set the suitability of the deep, well-drained 
and medium textured soils of the East. The limited soil depth due to the presence of 
granite or quartzite gravel and the low fertility level limit the soil suitability for 
cassava in the Bugesera and on the quartzite ridges. Poorly drained valley soils are 
actually unsuitable for cassava production, while a moderate to imperfect drainage 
limits the suitability of the soil unit from moderately to marginally suitable.  
 
Drainage of the valleys and erosion control measures on the sloping hills and 
plateaus will increase the potential suitability of the Rwandan lowlands only 
slightly. More important changes upon relevant management can be expected in the 
Central Plateau and the western agro–climatic zones bordering the Kivu Lake. 
Consequently, a moderate suitability can be attained in most of the zones where the 
climatic conditions allow the production of cassava. Map 4.23 illustrates the spatial 
distribution of this potential suitability. The highest production potential has been 
assigned to the agricultural zones of the Imbo, the Mayaga and the Bugesera.   
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4.5.6. Potato (Solanum tuberosum L.) 
In the high altitude areas the main tuber crop is potato. Optimal climatic conditions 
are found in the cooler agro–climatic regions of the Congo–Nile Watershed Divide 
and the Birunga. Very suitable to moderately suitable temperatures have been 
registered in the Buberuka Highlands, while the Impara and the Central Plateau are 
moderately to marginally suitable. The temperatures near the Kivu Lake, in the 
Mayaga and the Peripheral Bugesera, and in the Eastern Plateau are too high, 
reducing the suitability for potato to a marginal level. Unsuitable temperatures have 
been registered in the East of the country and in the Imbo (Map 4.24). 
 
Compared to cassava, potato is clearly less demanding with regard to the physical 
soil properties, while it is slightly more demanding with respect to the chemical 
soil fertility. Potato is relatively tolerant to an imperfect drainage, while a soil 
depth of at least 0.75 m is sufficient for an optimal development of the tubers. This 
tuber clearly prefers coarse textured soils. Fine textured soils, and those with vertic 
properties, are only marginally suitable. The distinctly different climatic and 
edaphic requirements of cassava and potato, result in a quite different actual and 
potential suitability for potato. The actual suitability for the production of potato, 
shown in Map 4.25, is determined by climatic limitations in the lowlands, while 
slope gradient determines the actual suitability class in the western and central part 
of the country. On the gentle slopes of the volcanic plain, soil texture and soil 
depth are the most limiting parameters. Consequently, in these highlands, the actual 
suitability ranges from actually unsuitable to very suitable.  
 
With erosion control and management options to restore or maintain the chemical 
soil fertility, the potential suitability of most land units in the high altitude regions 
is moderate, due to the medium texture. The very clayey soils of the Impara limit 
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the suitability for potato production to a marginal level. In the other agricultural 
zones, the temperature regime limits the potential for potato production (Map 
4.26).   
4.5.7. Sweet potato (Ipomoea batatas (L.) Lam.) 
Cassava is the tuber of the lowlands, while potato is the tuber of the highlands. 
Most suited for the climatic conditions of the middle altitude regions is the tuber 
crop sweet potato. In the high altitude zones the low temperature is marginal. In the 
lowlands the water supply is insufficient resulting in marginal growing conditions 
too (Map 4.27). 
Again, the specific climatic demands determine the production potential in the 
highlands and lowlands: they are actually and potentially marginally suitable (Map 
4.28 and 4.29). The edaphic requirements for the cultivation of sweet potato are 
similar to these of common bean. In the high rainfall regions near the Kivu Lake 
and at the middle altitudes, where the climate is suitable for both crops, exactly the 
same actual and potential suitability has been found.     
4.5.8. Groundnut (Arachis hypogaea L.) 
Groundnut, preferring warm tropical temperatures, without demanding too much 
water, is the crop most suited to the drier East. The suitability of the agro-climatic 
regions generally corresponds to that of cassava, except for the very suitable 
conditions found in the Eastern Savanna and Central Bugesera. Optimal climatic 
conditions have also been found in the agro–climatic zones of the Mayaga and the 
Peripheral Bugesera, and the Imbo. Near optimal conditions have been recorded in 
the Eastern Plateau and near the Kivu Lake, while a moderate suitability is to be 
expected in the middle altitude regions of the Central Plateau and the Impara. The 
high altitude regions are unsuitable for groundnut production (Map 4.30). 
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Also with respect to the edaphic requirements and the actual suitability for the 
production of groundnut, large similarities have been found with those of cassava. 
The small differences in the actual suitability of the soil units in the east and centre 
of the country are due to the decreased demands of groundnut with respect to soil 
depth. The cool climate limits the suitability of the high altitude regions; slope 
gradient and soil depth set the limits to the actual suitability in the middle altitude 
regions. The suitability of the lowlands varies between very suitable and actually 
unsuitable, depending on the soil texture, depth, drainage and SBC (Map 4.31).  
 
Except for the drainage and chemical soil fertility, none of the soil parameters can 
be improved, and consequently, there are no management strategies to increase the 
suitability of the East. Soil depth and texture determine the inherent suitability of 
the soil units. The most important improvements in suitability for groundnut 
production can be expected in the agricultural regions of the Impara, Kivu Lake 
Borders and the Central Plateau. Soil erosion control and restoration and 
maintenance of the chemical soil fertility increase the suitability of the land units to 
a moderate level. The main limitation to the production of groundnut thus is the 
fine texture of most Rwandan soils (Map 4.32). 
4.5.9. Soybean (Glycine max (L.) Merrill.) 
Because of its higher energetic value, the cultivation of soybean results in higher 
nutritional returns that the cultivation of common bean. With respect to their 
edaphic requirements, both crops are identical. Also their water demands are 
comparable. Soybean, however, prefers slightly higher temperatures and gives only 
marginal returns when cultivated above 2,000 m altitude (Map 4.33).  
This marginal suitability of the climate also determines the potential land 
suitability in the agricultural zones of the Congo-Nile Watershed Divide, the 
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Birunga and the Buberuka Highlands. Actually, the deepest soils of the Eastern 
Savanna are best suited for the production of soybean. However, after terracing and 
restoring the cation balance, the highest returns to these investments are to be 
expected in the Imbo and along the Kivu Lake. The middle altitude regions and the 
Mayaga will become very suitable to moderately suitable. An overview of the 
spatial distribution of the actual and potential suitability for the cultivation of 
soybean has been illustrated in Map 4.34 and 4.35.    
4.5.10. Banana (Musa L.) 
Banana prefers the average Rwandan climate (Map 4.36). The best growing 
conditions have been recorded in the warm and sub-humid agro-climatic regions of 
the Imbo and the Mayaga and the Peripheral Bugesera. Also along the Kivu Lake 
near optimal climatic conditions have been recorded. The lower temperatures of the 
Impara and Central Plateau are moderately suitable, while at the lower altitudes of 
the Birunga, Congo-Nile Watershed Divide and the Buberuka Highlands marginal 
temperatures have been reported. The cool highlands gradually become unsuitable 
for the cultivation of banana. In the East, low rainfall reduces the suitability of the 
Eastern Plateau to a moderate level and that of the Eastern Savanna to a marginal 
level.  
 
The edaphic requirements of banana largely correspond to those of bean and maize. 
The actual and potential suitability maps (Map 4.37 and 4.38) however, change 
considerably due to the different climatic requirements. Actually, the most suited 
soil units are found in the agricultural zones of the Eastern Plateau between the 
Muhazi and Mugesera lakes, the Mayaga, the Bugesera and the Imbo. Their 
suitability varies from very suitable to moderately suitable. Low temperatures, low 
rainfall, steep slopes or shallow soils limit the actual suitability in the other 
agricultural zones.  
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Appropriate management increases the suitability of the Imbo, the Mayaga and a 
large part of the Bugesera to very suitable. The potential suitability of the soil units 
in the Eastern Plateau, Central Plateau, Impara and the southern shores of the Kivu 
Lake generally is moderate. As such, banana grows well in a large part of the 
country.  
4.5.11. Arabica coffee (Coffea arabica L.) 
In Rwanda, arabica coffee is a crop of the middle altitude regions that are well 
supplied by rain (Map 4.39). Optimal growing conditions have been registered on 
the shores of the Kivu Lake, in the Impara and in the Central Plateau agricultural 
regions. The Mayaga and the Peripheral Bugesera are characterised by a very 
suitable to moderately suitable climate, with the relatively low rainfall slightly 
limiting the optimal development of coffee. A further decrease in rainfall towards 
the east, gives a further reduction in suitability, with the Eastern Plateau being 
moderately to marginally suitable, while the climate is marginal or too dry for 
coffee in the Eastern Savanna and Central Bugesera. Unsuitable climatic conditions 
have also been recorded in the cool high altitude regions. 
 
Apart from the high climatic requirements, arabica coffee also poses severe 
edaphic demands. The fine textured soils of Rwanda fulfil the textural requirements 
perfectly, as long as they don’t have vertic properties. The great soil depth and the 
high sum of basic cations are much more difficult to attain, and often they limit the 
actual suitability for the production of the crop. Again, the best production 
environment has been recorded in the Mayaga, and around the Muhazi and 
Mugesera Lakes of the Eastern Plateau where the erratic rainfall limits the 
development of the cash crop (Map 4.40).  
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Terracing and fertilisation considerably increase the suitability of the soil units in 
the Impara, and of the deepest soils on the Borders of the Kivu Lake and the 
Central Plateau (Map 4.41).  
4.5.12. Tea (Camellia sinensis (L.) O. Kuntze) 
The high rainfall agro-climatic regions of the Impara, the Congo–Nile Watershed 
Divide, the Birunga and the Kivu Lake Borders are characterised by optimal 
climatic conditions for the growth of tea. The Rwandan lowlands are too dry and 
are unsuitable from the climatic viewpoint. All other agro–climatic regions are 
moderately to marginally suitable, as shown in Map 4.42. 
 
From an edaphic viewpoint, tea requires poor soils for an optimal development. 
The slope gradient requirements have been weakened, as tea is commonly grown 
very well in relatively steep environments. Also regarding soil depth, this crop 
doesn’t require much and shallow soils are marginally suitable. The textural 
requirements correspond very well to the prevailing dominant medium to fine 
textures in Rwanda, but soils with vertic properties should be avoided. The 
requirements of this crop related to the soil nutrient status are remarkable. The BS 
should be lower than 20 % to give optimal yields. The actual suitability of the 
Rwandan soil units has been shown in Map 4.43. Tea is a crop of acid soils, and 
therefore is very well suited for the leached soils of the high altitude regions, once 
the erosion risk has been lowered. The actual suitability for tea is dominated by the 
slope gradient resulting in a marginal suitability in the climatically adapted regions.  
Management techniques aimed at reducing soil loss through erosion considerably 
increase the suitability of the Impara, Kivu Lake Borders and Congo–Nile 
Watershed Divide, which are potentially very suitable for the production of tea 
(Map 4.44). 
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4.6. Discussion 
4.6.1. Suitability classification versus capability classification 
The most important edaphic limitations to crop production in Rwanda are the slope 
gradient, soil depth and SBC. Where climatic conditions are optimal or near 
optimal, these soil properties will determine the spatial distribution of the final 
suitability. Important deviations from this general rule have been reported for crops 
that are very demanding (arabica coffee), or for those that pose extremely low 
requirements to the soil (groundnut). Also with respect to the land units that are 
unsuitable for the cultivation of crops similar results have been reported when 
applying the land capability and land suitability classification procedures. 
Consequently, the capability classification that was designed for Rwanda and that 
takes into account the extreme importance of erosion risks, effective soil depth and 
nutrient availability, performs very well with regard to climatologically adapted 
and moderately demanding crops.    
4.6.2. Actual suitability versus potential suitability 
Reducing the risk of erosion and increasing or maintaining soil fertility, being two 
major management techniques of extreme importance in Rwanda, are generally 
much more responsive on the deep soils of the West, than on the old, strongly 
weathered or stony soils of the East, where inherent soil properties such as 
stoniness and low cation exchange capacity set a limit to the production level. This 
doesn’t mean that these soils have not at all the potential of producing well. 
However, for maintaining the same chemical fertility level, much higher 
investments will be required, while a smaller range of crops will be suited for 
production.  
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4.6.3. Suitability classification versus yield data 
The performance of the suitability classification system has been evaluated using 
data from the national agricultural interviews of the agricultural year 1984 
(MINAGRI, 1985). This document provides information per agricultural zone on 
the land surface occupied by several crops as well as their production. Table 4.16 
summarises the land surface occupied by common bean, maize, sorghum, potato, 
sweet potato and groundnut during the two agricultural seasons. Common bean and 
maize are very important crops in all agricultural zones, especially during the first 
agricultural season from September to January. Sorghum is a typical crop during 
the second season, from February to June. With respect to the other three crops, the 
spatial variability in land surface is much more important than the temporal 
changes. The cultivation of potato is generally restricted to the high altitude zones, 
especially in the Birunga. It also occupies a relatively large land surface in the 
Granitic Ridge. Sweet potato is clearly the crop of the middle altitude regions while 
its importance decreases in favour of groundnut in the warmer lowlands.      
 
The average annual yield of these crops has been summarised in Table 4.17. 
Together with the crop information reported in the agricultural calendar published 
by MINAGRI (2003), these data were used to verify the results of the land 
suitability classification.  
Common bean 
According to the yield data of the agricultural year 1984, common bean is 
cultivated in all agricultural regions. The national average yield is 1.0 t ha-1.  The 
highest yields have been reported in the Mayaga, Eastern Savanna and Granitic 
Ridge. Also the yields recorded in the Eastern Plateau, Central Plateau, and 
Buberuka Highlands exceed the national average.  
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Table 4.16: Land surface (%) per agricultural zone occupied by 6 important crops 
during the agricultural year 1984 (Aug-83 to Jul-84) 
agricultural crop 
zone bean maize sorghum potato sweet potato groundnut 
season A (Sep-Dec) 
1 51 44 1 0 4 0 
2 55 41 0 1 1 2 
3 53 30 7 1 0 9 
4 27 39 10 22 0 2 
5 37 34 5 6 0 18 
6 45 19 2 1 0 33 
7 59 17 4 1 0 19 
8 56 14 0 10 3 17 
9 50 33 0 3 5 9 
10 57 27 2 0 7 6 
11 57 26 3 3 6 5 
12 33 38 24 1 4 1 
season B (Jan-Jun) 
1 46 44 0 0 8 2 
2 69 5 14 0 3 9 
3 42 12 22 0 0 24 
4 30 33 5 29 0 2 
5 21 17 24 11 0 27 
6 29 13 32 2 0 24 
7 26 12 33 1 1 27 
8 29 13 36 1 5 16 
9 13 27 47 2 4 7 
10 23 28 38 1 3 7 
11 38 15 33 1 1 11 
12 35 30 20 2 8 4 
 
 
According to Baudoin et al. (2001), the yield in traditional cropping systems 
generally ranges between 0.2 and 0.5 t ha-1, while in modern cropping systems or 
research stations yields can rise up to 3.0 to 6.0 t ha-1, depending on the variety. 
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According to MINAGRI (2003), the optimal yields recorded in Rwanda amount to 
2 t ha-1 and common bean is mostly cultivated in the agricultural zones of the Imbo, 
the Impara, the Mayaga and the Eastern Plateau. With respect to the land suitability 
classification of the dominant land units, this latter agricultural zone has also been 
identified as moderately suitable for the production of common bean, together with 
some parts of the Imbo and Mayaga. The drier Eastern Savanna and the Bugesera 
have been reported as moderately suitable too. The land suitability classification of 
the associated land units reveals a high potential for the cultivation of bean in the 
Imbo, the Impara and the Granitic Ridge. The land suitability classification for 
bean thus is performing well.  
 
Table 4.17: Average yield per agricultural zone of 6 important crops recorded 
during the agricultural year 1984. Bold = yields equalling or 
exceeding the national average; underlined = outliers  
agricultural average yield (t ha-1) 
zone bean maize sorghum potato sweet potato groundnut 
1 1.0 0.3 9.6 43.5 5.4 0.7 
2 0.7 0.6 0.4 11.0 7.2 0.5 
3 0.9 0.4 0.4 1.3 4.3 0.8 
4 0.6 0.8 0.6 4.4 3.1  
5 1.0 1.7 0.4 5.1 3.8  
6 1.1 0.9 0.8 5.5 3.8  
7 1.2 0.4 0.7 2.8 4.1 0.6 
8 1.3 0.2 0.9 1.2 4.7 0.5 
9 1.4 0.1 0.8 2.5 4.8 0.6 
10 0.8 0.1 0.8 5.5 4.4 0.4 
11 1.2 0.2 1.1 1.9 4.6 0.8 
12 1.3 0.2 1.7 5.0 9.1 0.5 
Rwanda 1.0 0.5 0.8 4.2 4.6 0.6 
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Maize 
Also maize is cultivated all over Rwanda, although with a varying degree of 
success. The national average yield amounts only to 0.5 t ha-1 and is very low 
compared to the optimal yield of 3.5 t ha-1 reported by MINAGRI (2003). 
According to Ristanovic (2001) however, maize yields in Eastern and Southern 
Africa are generally below 1.0 t ha-1. The most important maize producing regions 
are the Imbo, Impara, Birunga, Congo-Nile Watershed Divide and the Buberuka 
Highlands. The actual suitability classification on the other hand identified the 
valley of the Imbo and the deepest soils of the Mayaga and Eastern Plateau as very 
suitable to moderately suitable. Potentially, very favourable conditions have been 
reported in all agricultural zones, except for the dry Eastern Savanna and for the 
central part of the Bugesera. According to the yield data of the agricultural year 
1984, the highest yields have also been recorded in the Impara and the three high 
altitude regions.  
Sorghum 
While maize is the crop of the rainy West, sorghum clearly is yielding best in 
central and eastern Rwanda. In all agricultural zones of the lowlands and middle 
altitudes located at the western side of the Congo-Nile mountain chain, yields 
equalling or exceeding the national average of 0.8 t ha-1 have been reported. 
Extremely high yields have been recorded in the Imbo. According to Murty and 
Renard (2001), sorghum has a yield potential over 10 t ha-1, but generally grain 
yields in Africa vary from 0.5 to 0.9 t ha-1 and 2 t ha-1 can be obtained with local 
cultivars and improved practices. MINAGRI reported optimal yields of 3 to           
4 t ha-1.  The main sorghum producing regions are the Granitic Ridge, Central 
Plateau, Mayaga, Bugesera, Eastern Plateau and Eastern Savanna. The results of 
the land suitability classification generally correspond to this actual distribution. 
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The agricultural zones of the Impara and Kivu Lake Borders have been identified 
as potentially very suitable regions, but apparently in reality they don’t yield as 
much as in the agricultural zones of the East.  
Pea 
The cultivation of pea is mainly limited to the high altitude areas of the Birunga, 
Congo-Nile Watershed Divide and the Buberuka Highlands (MINAGRI, 2003). 
This corresponds very well to the results of the potential land suitability 
classification. Additionally, the agricultural zone of the Impara and Kivu Lake 
Borders have been identified as potentially very to moderately suitable.  
Cassava 
Both the potential land suitability classification and the agricultural calendar by 
MINAGRI (2003) report that cassava can be cultivated in all lowlands and at the 
middle altitudes of Rwanda. In the western agricultural zones of the Impara and 
Kivu Lake Borders, additional management related to erosion control and chemical 
fertility might be required to improve the yields.  
Potato 
Optimal climatic conditions for the cultivation of potato have been reported in the 
high altitude regions of Rwanda, and especially in the volcanic range. Under 
normal growing conditions, potato yields about 40 to 60 t ha-1. In tropical Africa 
however, the national averages are only about 10 t ha-1 (Rolot, 2001). The national 
average yield during the agricultural year of 1984, reported by MINAGRI (1985) 
however, is much lower, attaining only 4.2 t ha-1. Very high yields have been 
recorded in the Imbo, while also the production potential of the Impara approaches 
the averages reported in the literature. Potato yields are relatively low in the 
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highlands areas. Comparable yields have been reported in the Bugesera and Eastern 
Savanna, while according to the suitability classification of climate temperatures 
are too high for the successful cultivation of this tuber. While the yield data are 
clearly erroneous, consistent results have been reported between the potential 
suitability classification and the actual distribution of potato. According to 
MINAGRI (2003), potato is the tuber of the Birunga, Congo-Nile Watershed 
Divide and Buberuka Highlands. In the Birunga, the crop needs to be cultivated on 
ridges in order to increase the effective soil depth.  
Sweet potato 
In Rwanda, under intensive cultivation, sweet potato yields about 20 to 30 t ha-1. 
The reported yields however, range between 3 and 9 t ha-1. This corresponds with 
the yield range of sweet potatoes cultivated in village gardens in tropical Africa, 
reported by Janssens (2001). The highest yields have been reported in the Eastern 
Savanna, Impara and Imbo. According to the suitability classification, however, the 
Eastern Savanna is only marginally suited for the production of sweet potato 
because of the erratic rainfall. The Imbo and Impara have a high potential 
suitability, but they have not been reported by MINAGRI (2003) as being 
important regions for the cultivation of this crop. Other regions with yields 
exceeding the national average are the Granitic Ridge, the Mayaga and the Eastern 
Plateau. According to the agricultural calendar of MINAGRI (2003), sweet potato 
is mainly cultivated in the agricultural zones of the Kivu Lake Borders, Granitic 
Ridge, Central Plateau, Mayaga and Eastern Plateau. These regions have also been 
identified by the land suitability classification.  
Groundnut 
Groundnut is cultivated mainly in the Imbo, the Mayaga, the Bugesera, the Eastern 
Plateau and the Eastern Savanna. Under optimal conditions, the crop attains a yield 
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of 1.5 t ha-1 (MINAGRI, 2003).  The yields reported during the agricultural year 
1984 are clearly lower, but the differences between the agricultural zones are 
relatively limited. Groundnut is not cultivated in the highlands. The distribution of 
the crop reported by MINAGRI corresponds with the land units that have been 
identified as moderately suitable. With the correct management practices, the crop 
can also be cultivated successfully in the agricultural regions of the Central Plateau 
and Granitic Ridge.  
Soybean 
Soybean is cultivated in all agricultural zones with an altitude below 1,900 m. 
According to the suitability classification, only large parts of the Eastern Savanna, 
Eastern Plateau, Birunga and Mayaga are moderately suitable, but with the correct 
management, the crop can be cultivated on most land units of the lowlands and 
middle altitudes.  
Banana 
The main cultivation regions of banana, reported by MINAGRI (2003) are the 
Imbo, Impara, Kivu Lake Borders, Eastern Plateau and Eastern Savanna. 
According to the land suitability classification however, the suitability of the East 
ranges between moderate and marginal because of the low rainfall. On the other 
hand, the Mayaga and the peripheral part of the Bugesera have been indicated as 
actually moderately suitable, while they were not reported by MINAGRI (2003). 
The land units near the Kivu Lake are potentially suitable.  
Coffee arabica 
In the agricultural calendar reported by MINAGRI (2003) the following regions 
have been identified as zones where the cultivation of coffee needs to be 
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intensified: the Southwest, the shores of the Kivu Lake, the Central Plateau, 
Granitic Ridge, Eastern Plateau, Mayaga and the peripheral part of the Bugesera. 
This generally corresponds to the results of the suitability classification. 
Nevertheless, the Imbo has been classified as unsuitable because of the high 
temperatures, while the Plateaus of the East are only moderately to marginally 
suitable because of the low rainfall. In the Granitic Ridge, most soil units are too 
shallow to allow an optimal development of the deep root system of the coffee 
shrubs. Apparently, the crop requirements related to climate and soil depth need 
some corrections. On the other hand, coffee is abundantly cultivated in the 
Mayaga, while this region has not been reported by MINAGRI (2003) as being an 
important production zone.  
Tea 
The main tea producing regions in Rwanda, the Impara, Kivu Lake Borders, 
Birunga, Congo-Nile Watershed Divide and Buberuka Highlands have also been 
identified by the land suitability classification.  
4.6.4. Final conclusion 
Apart from some minor adaptations, the suitability classification developed for 
application in Rwanda performs very well. It is an interesting tool for the analysis 
and description of important climatic and edaphic properties affecting agricultural 
production. The crop–specific suitability classification succeeds in giving a sound 
overview of the suitability of the agro–climatic zones and soil units at a scale of 
1:250,000. 
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CHAPTER 5. RADIATION-THERMAL PRODUCTION POTENTIAL 
5.1. Introduction 
The radiation-thermal production potential (RPP) is the maximum attainable 
production of a crop that is optimally supplied with water and nutrients, and grown 
in absence of pests and diseases.  
 
The crop growth model used to determine the RPP is essentially based on the 
SUCROS model (Penning de Vries and van Laar, 1982). This simple and universal 
crop growth model simulates the time course of dry matter production of a crop, 
from emergence till maturity, in dependence of the daily total irradiation and air 
temperature. The dry matter produced is partitioned over the roots, leaves, stems 
and storage organs, using partitioning factors that are dependent on the 
phenological development stage of the crop. This model has been simplified in 
order to be applicable in most tropical environments, where field trials, offering 
plant characteristics and responses to be used in the crop growth models, are 
limited. Further amendments of the calculation procedures and the final evaluation 
of the results have been performed with reference to the 3-level hierarchical crop 
growth model used at the Laboratory of Soil Science (Van Ranst, 1994). For the 
simulation of the RPP, this latter model applies the procedures described by the 
FAO (1979), as a function of average climatic parameters during the whole crop 
cycle and only a few crop characteristics cited in literature.  
 
This chapter describes and illustrates the elaboration of a new model (Fig. 5.1) 
describing the most important biochemical processes determining the RPP but 
without requiring too many crop specific parameters.  
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5.2. Photosynthesis 
In the absence of drought and nutrient shortages, the growth and development of 
crops are ultimately controlled by the interaction of the plant systems with specific 
elements of the solar spectrum. Green plants must capture and use external 
resources, principally light, CO2, water and nutrients, to produce dry matter via 
photosynthesis. By this process, plants synthesize organic compounds from 
inorganic materials in the presence of sunlight. Radiation within the visible range is 
termed photosynthetic active radiation (PAR), as the energy within this waveband 
is the only radiation that can be actively used by driving pigment-based systems in 
the process of photosynthesis. The major chemical pathway in photosynthesis is the 
conversion of atmospheric CO2 and water to carbohydrates and oxygen:  
 
        CO2 + H2O                         CH2O    + O2       
       
By the input of solar radiation, two energy-poor compounds are converted into two 
energy-rich compounds. Photosynthesis is thus a process that reduces atmospheric 
CO2 and converts light energy into chemical energy. Consequently, a close link 
exists between the photosynthetic rate and the amount of light that is absorbed.  
 
The reduction of CO2 to carbohydrates occurs via two carboxylation pathways: the 
Calvin cycle and the Hatch-Slack pathway. In C3 crops, the Calvin cycle 
predominates and the initial fixation product is a three-carbon compound. In C4 
crops, the Hatch-Slack pathway predominates and a four-carbon compound is the 
initial product. Here, CO2 is re-fixed by the Calvin cycle and little or no carbon is 
lost through photorespiration. The C3 species include all the temperate crops, as 
well as tropical legumes, root crops and trees, whereas C4 crops include most 
tropical cereals and grasses (Azam-Ali and Squire, 2002). 
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At any time, the net photosynthetic rate of a green plant depends on (1) the relation 
between photosynthetic rate and irradiance for each element of the foliage, and (2) 
on the distribution of the light over the individual elements of the crop foliage 
(Azam-Ali and Squire, 2002). 
5.2.1. Photosynthesis light response of individual leaves 
The typical response of the photosynthetic rate to the irradiance by the individual 
leaves of a C3 and a C4 crop has been shown in Fig. 5.2. In very weak light, the 
relation for both C3 and C4 plant systems is almost linear because the 
photosynthetic rate is limited almost exclusively by the adsorption of light. The 
initial slope, or initial light use efficiency, is a measure of the amount of CO2 
absorbed per unit increase in irradiance. This light use efficiency is about        
14.10-9 kg CO2 J-1 absorbed PAR in C4 plants and about 11.10-9 kg CO2 J-1 
absorbed PAR in C3 plants. In C3 plants, the light use efficiency increases slightly 
with CO2 concentration. When light is not limiting, the photosynthesis is controlled 
by the rate at which CO2 from the atmosphere is reduced to carbohydrate.  
 
 
 
 
 
 
Fig. 5.2: Typical relationship between photosynthetic rate and irradiance for C3 
and C4 species (Azam-Ali and Squire, 2002) 
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After the linear phase, the photosynthetic rate of C3 species in strong light 
approaches a plateau at a “saturating irradiance” with a maximum value that 
decreases with leaf age. In contrast, C4 species show less evidence of light 
saturation and, therefore, no marked plateau in photosynthetic rate at high 
irradiances. The apparent photosynthetic advantage of C4 crops over C3 crops can 
thus be ascribed both to the absence of photorespiration and to greater 
photosynthetic rates in strong light (Azam-Ali and Squire, 2002). This maximum 
rate of leaf photosynthesis at light saturation varies strongly over the species, with 
values between 30 and 90 kg CO2 ha-1 h-1 for C3 crops and between 15 and           
50 kg CO2 ha-1 h-1 for C4 crops (van Keulen and Wolf, 1986).  
The energy accumulated in the carbohydrates is thus essentially coming from solar 
radiation. Day temperature, through its effect on the behaviour of enzymes, can 
influence the reaction speed, although the photosynthetic apparatus of field crops 
seems to adapt to fluctuating temperatures (van Keulen and Wolf, 1986). Other 
parameters affecting crop growth are the transpiration rate and the nutrient status of 
the crop, but when estimating the RPP, these latter conditions are supposed to be 
non-limiting.   
Equations that describe the photosynthesis light response curve will thus provide 
the basic relations for crop growth simulations. There are two equations that are 
often used. In de Wit (1965), individual leaf photosynthesis exhibits a light 
response curve of a saturation type, given by the rectangular hyperbola: 
max
max
AIε
IεA
A
+×
××
=  
where A is the actual photosynthetic rate, Amax the rate of leaf photosynthesis at 
light saturation, I the absorbed photosynthetic active radiation and ε the initial light 
use efficiency. 
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The maximum photosynthetic rate at light saturation was taken as                
0.8× 10-6 kg CO2 m-2 s-1, the efficiency of light use at low light intensity was  
21× 10-9 kg CO2 J-1. This rectangular hyperbola thus resulted in a rather slow and 
gradual approach of photosynthesis to the saturation level with increasing light 
intensity. Later measurements (van Laar and Penning de Vries, 1972) indicated that 
this approach is too slow and that a better fit can be obtained with an asymptotic 
equation such as: 







 ×
−−×=
max
max A
Iexp1AA ε  
 
This equation is more linear at low light than the hyperbolic one. Therefore, even 
though the initial slope is less, it crosses over at a higher light intensity. In this case 
the initial light use efficiency is 14× 10-9 kg CO2 J-1, while the maximum 
photosynthetic rate at light saturation remains 0.8× 10-6 kg CO2 m-2 s-1. The 
evolution of the photosynthetic rate with irradiation according to both equations is 
shown in Fig. 5.3.  
5.2.2. Distribution of light through the canopy 
For a crop to produce dry matter, his leaves must intercept radiation and absorb 
CO2. The size and duration of the crop foliage determine the rate and duration of 
dry matter accumulation. The size of the intercepting surface depends on the green 
leaf area index of a crop. The amount of light that penetrates the canopy and strikes 
the ground depends both on environmental characteristics, such as the solar 
radiation and the solar height, and on crop canopy characteristics such as the leaf 
area index and the angular arrangement of the individual leaves. To describe the 
pattern of light penetration through a crop canopy, it is convenient to imagine a 
crop as consisting of a number of horizontal layers each with a leaf area index of 1.  
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Fig. 5.3: Photosynthesis-light response curve of individual leaves according to De 
Wit (1965) and Goudriaan (1977) 
 
If radiation is measured at a number of levels down the crop profile, then the 
measured irradiance at any level is a function of the angular arrangement of the 
leaves above that level. The relationship for the extinction of light down a crop 
canopy is often described by the Monsi-Saeki (1953) equation:  
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where pI  is the (penetrating) irradiance at a level within the canopy below a leaf 
area index of L, p0I  is the irradiance above the canopy, and k is an extinction 
coefficient for radiation (Fig. 5.4). 
 
Fig. 5.4: Exponential decay of radiation through a crop stand (Azam-Ali and 
Squire, 2002)  
 
The fraction of intercepted (adsorbed) radiation at each level in the crop canopy, 
p
0
a
I
I , can thus be derived from the Monsi-Saeki adsorption function (1953): 
 
=
aI pp0 II −  
=
aI Lkp0
p
0 eII
×−×−    
=p
0
a
I
I Lke1 ×−−     
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However, it should be noted that the Monsi-Saeki equation assumes that the 
canopy is a homogeneous medium whose leaves are randomly distributed. In these 
circumstances, light transmission obeys Beer’s law of exponential decay. Strictly, 
for attenuation to be exponential, the leaves should be black, i.e. opaque to 
radiation (Azam-Ali and Squire, 2002). Instead of being opaque to radiation, in 
reality, leaves are reflecting, absorbing and transmitting the incoming radiation, 
resulting in a multiple scattering of the light in the crop canopy. Averaged over the 
wavelength bands the scattering coefficient of green leaves is about 0.2 for visible 
radiation. In case that (1) the leaf transmission and reflection coefficients are each 
equal to half the scattering coefficient, (2) the sub-layers are infinitesimally small 
and (3) the leaves are horizontal, then the reflection coefficient of the canopy can 
be estimated by: 
k1
k1
c +
−
=ς  
 
where cς is the reflection coefficient and k the extinction coefficient. For a 
spherical leaf angle distribution, the extinction coefficient is approximately equal 
to  
σ−×= 18.0k  
for diffuse light, and  
β
σ
sin
15.0k −×=  
for direct light, 
 
with σ the scattering coefficient and b the solar height, which changes during the 
day.  
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Consequently, when the sun shines, the fraction of diffuse and direct radiation 
should be known, together with the fraction of sunlit and shaded leaf area. The 
sunlit leaves must be classified according to the angle of incidence of the direct 
light on the leaf, and most of them will photosynthesise at the light saturation level 
(Penning de Vries and van Laar, 1982).  
 
Goudriaan (1977) has shown Beer’s law to be a good approximation in many real 
canopies, with an extinction coefficient depending on the architecture of the crop. 
Crops with narrow, erect leaves tend to have lower values of k than crops with 
more horizontally displayed leaf arrangements. Beans, for instance, have an 
extinction coefficient of about 0.80, while for sorghum this is only 0.46. Maize has 
an intermediate extinction coefficient of about 0.65 (Lemeur, 1994). When the 
extinction coefficient is known, the fraction of radiation intercepted by a crop can 
be calculated from knowledge of the leaf area index (LAI), reckoned from the top 
of the canopy: 
LAIke1f ×−−=  
 
Experimental studies indicate that the final extinction of the light in the crop, not 
only varies with the canopy characteristics, but also with the solar height, row 
spacing, row direction and latitude (Thornley, 1976). In the SUCROS model 
(Goudriaan and van Laar, 1978), an average extinction coefficient of 0.8 is 
assumed, which holds for a spherical leaf angle distribution. 
5.2.3. Gross assimilation 
“Gross” assimilation should be used when referring to the products of the 
photosynthesis process, and will be governed by the interaction between incoming 
radiation, crop photosynthetic capability (photosynthesis light response curve), leaf 
area, leaf architecture and crop cycle length. The effect of this last parameter 
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should not be underestimated. The longer the crops are on the field, the longer they 
can produce and accumulate dry matter.  
Modelling daily gross assimilation 
De Wit (1965) calculated the gross dry matter production of a leaf canopy, based 
on the photosynthesis-light response curve for individual leaves and a set of 
standard conditions. His results were tabulated and have been used by the FAO 
model (FAO, 1979) to estimate the gross photosynthesis rate of a fully developed 
canopy at a particular time and place on earth. In Goudriaan and van Laar (1978), 
however, de Wit’s method has been discussed in detail and some revisions have 
been proposed.  
 
Goudriaan (1977) simulated the instantaneous photosynthesis rate following the 
rectangular hyperbola photosynthesis-light response curve of individual leaves. 
The simulation was done for different values of maximum photosynthesis rate at 
light saturation. The initial light use efficiency was taken at 14× 10-9 kg CO2 J-1. 
The leaf area index was taken at 5, so that the canopy was practically closed. The 
spatial distribution of the leaves was set to be spherical, and the solar height 
determined the incoming PAR over the daylength. In this schematised set up, two 
situations were considered: a completely overcast and a completely clear sky. The 
incoming radiation under the overcast sky was set to 20 % of that under the clear 
sky (Goudriaan and van Laar, 1978). The amount of diffuse and direct irradiation, 
and the fraction of sunlit and shaded leaves, had to be modelled. In each leaf sub-
layer, the fraction of sunlit leaf area is equal to the overall fraction of the direct 
irradiation that reaches that level. Therefore, when the LAI was large enough, the 
total sunlit leaf area was set to: 
dirdir
LAIk
k
1
k
e1 dir
≈
−
×−
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with kdir being the extinction coefficient for direct sunlight. For a spherical leaf 
angle distribution, kdir equals 0.5/sinβ, so that the sunlit leaf area was set equal to   
2 ×  sinβ. For each leaf sub-layer (LAI = 1), the instantaneous photosynthesis rate 
was calculated based on balance of the incoming and outgoing radiation fluxes 
(Fig. 5.5). The extinction of light in the canopy was exponential with the leaf area 
index reckoned from the top. The effect of multiple scattering was accounted for by 
introducing a scattering coefficient of 0.2 in the equations for the extinction and 
reflection coefficient, as has been discussed above (Penning de Vries and van Laar, 
1982).  
 
reflection S5 = ρ x S1 
top 
bottom 
1 leaf layer 
direct incoming S1
total downward flux S2  
direct + diffuse (scattering) direct downward 
flux S3 
reflection S4 = ρ x S2 
 
Fig. 5.5: Different fluxes of direct incoming radiation in a leaf layer (Penning de 
Vries and van Laar, 1982) 
 
Finally, integration of the instantaneous rates of radiation flux and assimilation 
yielded the daily amount of CO2 fixed. The daily gross assimilation rates for 
maximum rates of photosynthesis of a single leaf at high light intensity have been 
tabulated as a function of latitude. Values are available for the middle of each 
month and for completely clear and overcast skies, under the assumption of zero 
dark respiration and a LAI of 5. These results are shown in Table 5.1 and Table 
5.2. Interpolation techniques can be used to find the gross photosynthesis rate of a 
crop grown at specific latitude and on a specific day of the year.  
 
Ra
di
at
io
n-
Th
er
m
al
 P
ro
du
ct
io
n 
Po
te
nt
ia
l  
14
7 
 Ta
bl
e 
5.
1:
 G
ro
ss
 d
ai
ly
 c
an
op
y 
ph
ot
os
yn
th
et
ic
 r
at
e 
fo
r 
a 
C 4
 c
ro
p 
w
ith
 a
n 
A m
ax
 o
f 6
0 
kg
 C
O
2 h
a-
1 h
-1
 a
nd
 a
 L
AI
 o
f 5
 u
nd
er
 
ov
er
ca
st
 (P
O
) a
nd
 c
le
ar
 (P
C
) s
ky
 c
on
di
tio
ns
 (G
ou
dr
ia
an
 a
nd
 v
an
 L
aa
r, 
19
78
) 
  la
tit
ud
e 
gr
os
s d
ai
ly
 c
an
op
y 
ph
ot
os
yn
th
et
ic
 ra
te
 (k
g 
C
O
2 h
a-
1 d
-1
) 
(°
N
) 
15
/ja
n 
15
/fe
b 
15
/m
ar
 
15
/a
pr
 
15
/m
ay
 
15
/ju
n 
15
/ju
l 
15
/a
ug
 
15
/s
ep
 
15
/o
ct
 
15
/n
ov
 
15
/d
ec
 
0 
PC
 
89
4 
92
6 
94
6 
93
7 
90
6 
88
3 
89
2 
92
5 
94
7 
93
7 
90
4 
88
3 
 
PO
 
32
1 
33
6 
34
5 
34
1 
32
7 
31
6 
32
1 
33
5 
34
5 
34
1 
32
6 
31
6 
10
 
PC
 
79
6 
85
9 
92
0 
96
0 
96
7 
96
4 
96
6 
96
6 
94
1 
88
4 
81
5 
77
7 
 
PO
 
28
2 
30
9 
33
5 
35
1 
35
3 
35
0 
35
2 
35
3 
34
4 
32
0 
29
0 
27
4 
20
 
PC
 
68
0 
77
3 
87
3 
96
3 
10
10
 
10
27
 
10
21
 
98
8 
91
5 
81
2 
70
7 
65
4 
 
PO
 
23
4 
27
2 
31
4 
35
1 
36
9 
37
5 
37
3 
36
1 
33
2 
28
9 
24
5 
22
4 
30
 
PC
 
54
3 
66
3 
80
3 
94
2 
10
32
 
10
70
 
10
56
 
98
7 
86
5 
71
6 
57
6 
51
1 
 
PO
 
18
0 
22
7 
28
3 
34
0 
37
6 
39
0 
38
5 
35
8 
30
9 
24
8 
19
4 
16
8 
40
 
PC
 
38
9 
52
9 
70
7 
89
8 
10
33
 
10
95
 
10
71
 
96
4 
79
0 
59
5 
42
7 
35
4 
 
PO
 
12
2 
17
4 
24
2 
31
8 
37
2 
39
6 
38
7 
34
4 
27
5 
19
9 
13
7 
10
9 
50
 
PC
 
22
7 
37
7 
58
4 
82
9 
10
14
 
11
04
 
10
69
 
91
8 
68
8 
45
1 
26
6 
19
2 
 
PO
 
64
 
11
6 
19
3 
28
6 
35
8 
39
3 
37
9 
32
0 
23
2 
14
4 
78
 
52
 
60
 
PC
 
71
 
21
2 
43
7 
73
3 
98
0 
11
07
 
10
57
 
85
0 
55
8 
28
9 
10
7 
40
 
 
PO
 
15
 
58
 
13
5 
24
4 
33
6 
38
3 
36
5 
28
7 
18
0 
84
 
25
 
8 
70
 
PC
 
0 
47
 
26
8 
61
5 
94
8 
11
51
 
10
66
 
76
6 
40
3 
11
9 
0 
0 
  
PO
 
0 
10
 
74
 
19
3 
31
1 
38
1 
35
3 
24
7 
12
0 
28
 
0 
0 
 
 
147 
Ch
ap
te
r 5
 
 
  
14
8 
 
 
 
 
 
Ta
bl
e 
5.
2:
 G
ro
ss
 d
ai
ly
 c
an
op
y 
ph
ot
os
yn
th
et
ic
 r
at
e 
fo
r 
a 
C 3
 c
ro
p 
w
ith
 a
n 
A m
ax
 o
f 3
0 
kg
 C
O
2 h
a-
1 h
-1
 a
nd
 a
 L
AI
 o
f 5
 u
nd
er
 
ov
er
ca
st
 (P
O
) a
nd
 c
le
ar
 (P
C
) s
ky
 c
on
di
tio
ns
 (G
ou
dr
ia
an
 a
nd
 v
an
 L
aa
r, 
19
78
) 
  la
tit
ud
e 
gr
os
s d
ai
ly
 c
an
op
y 
ph
ot
os
yn
th
et
ic
 ra
te
 (k
g 
C
O
2 h
a-
1 d
-1
) 
(°
N
) 
15
/ja
n 
15
/fe
b 
15
/m
ar
 
15
/a
pr
 
15
/m
ay
 
15
/ju
n 
15
/ju
l 
15
/a
ug
 
15
/s
ep
 
15
/o
ct
 
15
/n
ov
 
15
/d
ec
 
0 
PC
 
62
3 
64
2 
65
4 
64
8 
63
0 
61
6 
62
2 
64
1 
65
4 
64
8 
62
9 
61
6 
 
PO
 
29
3 
30
5 
31
2 
30
9 
29
7 
28
9 
29
2 
30
4 
31
2 
30
9 
29
7 
28
9 
10
 
PC
 
56
0 
60
0 
63
8 
66
4 
67
0 
66
9 
67
0 
66
9 
65
2 
61
6 
57
2 
54
9 
 
PO
 
25
9 
28
2 
30
4 
31
8 
32
0 
31
8 
31
9 
32
0 
31
1 
29
1 
26
6 
25
2 
20
 
PC
 
48
6 
54
5 
61
0 
66
8 
69
9 
71
1 
70
7 
68
4 
63
7 
57
0 
50
3 
46
9 
 
PO
 
21
7 
25
0 
28
6 
31
8 
33
4 
34
0 
33
8 
32
7 
30
1 
26
4 
22
7 
20
8 
30
 
PC
 
39
6 
47
5 
56
6 
65
7 
71
6 
74
2 
73
2 
68
6 
60
7 
51
0 
41
9 
37
5 
 
PO
 
16
9 
21
1 
26
0 
30
9 
34
1 
35
3 
34
9 
32
5 
28
2 
23
0 
18
1 
15
9 
40
 
PC
 
29
4 
38
9 
50
7 
63
3 
72
1 
76
3 
74
7 
67
6 
56
2 
43
3 
32
1 
27
0 
 
PO
 
11
7 
16
4 
22
5 
29
2 
33
9 
36
0 
35
2 
31
5 
25
4 
18
7 
13
0 
10
5 
50
 
PC
 
18
3 
28
8 
42
9 
59
3 
71
6 
77
6 
75
3 
65
2 
49
9 
33
9 
21
1 
15
8 
 
PO
 
63
 
11
2 
18
1 
26
5 
32
9 
35
9 
34
8 
29
6 
21
7 
13
7 
76
 
51
 
60
 
PC
 
66
 
17
5 
33
3 
53
6 
70
4 
79
0 
75
6 
61
5 
41
7 
23
0 
98
 
38
 
 
PO
 
15
 
57
 
13
0 
22
9 
31
2 
35
4 
33
8 
26
8 
17
0 
81
 
25
 
8 
70
 
PC
 
0 
45
 
22
0 
46
7 
69
9 
84
6 
78
4 
57
2 
31
8 
10
9 
0 
0 
  
PO
 
0 
10
 
72
 
18
4 
29
3 
35
7 
33
1 
23
4 
11
6 
27
 
0 
0 
148 
 Radiation-Thermal Production Potential
 
149 
Estimating daily gross assimilation 
In order to avoid the use of tables, which are cumbersome to handle, Goudriaan 
and van Laar (1978) developed some descriptive equations based on the process 
itself. Descriptive equations can be used to calculate the gross CO2 assimilation of 
leaf canopies for each day of the year. Regression of the estimated gross 
assimilation rates to the tabulated rates finally results in a best estimate for the 
gross CO2 assimilation of leaf canopies for each day of the year and at all latitudes. 
These descriptive equations have been introduced in a new crop simulation model 
that is capable of simulating the daily course of the crop dry matter production 
without increasing the required information on crop characteristics. This model 
will be further referred to as the DAIly CROp Simulation model (DAICROS). Its 
performance will be evaluated through a comparison of the intermediary and final 
results with those of the crop growth model described by the FAO (1979), further 
referred to as FAOCROS. 
5.2.4. Calculation of astronomical parameters 
Before proceeding to the elaboration of the descriptive equations, an overview of 
the equations describing the most important astronomical parameters affecting 
photosynthesis has been presented below.  
Daylength 
The following equations were applied to calculate the astronomical daylength:  
 
( ){ }
π
coscsinsarcsin2π43200N ×+×=  
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with N  = astronomical daylength [s d-1] 
 ssin  = sin δ sin λ [−] 
 ccos  = cos δ cos λ [−] 
 λ  = latitude [rad] 
δ   = solar declination [rad] 
 
The effective daylength, that part of the day that the crop is effectively 
photosynthesising, is shorter than the astronomical daylength and was found to be 
best estimated as the duration of the time that the solar height exceeds 8°:  
 
( )( )( ){ }
π
coscsins8sinarcsin2π43200Neff
+−×+
×=  
 
with Neff  = effective daylength [s d-1] 
 ssin  = sin δ sin λ [−] 
 ccos  = cos δ cos λ [−] 
 λ  = latitude [rad] 
δ   = solar declination [rad] 
 
The solar declination has been estimated by: 
 



 

 +
×××−=
365
10day2cos409.0 πδ  
 
with day  = number of the day in the year 
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Solar radiation 
The solar radiation under a clear sky depends on the solar height, which is 
changing with latitude, solar declination and solar time. The calculation of the 
average daily incoming radiation, for all latitudes and for each day of the year, has 
been performed according to the following equations (Penning de Vries and van 
Laar, 1982): 
N
βsinint1.0
so eβsinint1280R
−
××=  
 
with Rso    = average daily solar radiation under a clear sky [J m-2 d-1] 
 intsinβ  = average daily solar height [s d-1] 
 N   = astronomical daylength [s d-1] 
0.1   = extinction of radiation in a very clear atmosphere [-] 
 
The average daily solar height has been given by integrating the solar height over 
the day: 
2
coscos
sinsin1coscos*86400N*sinsinsinint 


−×+= δλ
δλδλ
π
δλβ  
 
with intsinβ = average daily solar height [s d-1] 
 λ  = latitude [rad] 
 δ  = solar declination [rad] 
 N  = astronomical daylength [s d-1] 
Photosynthetic active radiation 
The daily solar radiation consists for 50 % of photosynthetic active radiation 
(PAR). The average daily PAR under an overcast sky amounts to 20 % of that 
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under a clear sky. These average daily values should be divided through the 
effective daylength to find the incoming PAR expressed in J m-2 s-1 or,  
 
eff
so
N
R5.02.0
RADO
××
=  
 
with RADO  = average daily PAR under an overcast sky [J m-2 s-1] 
 Rso    = average daily solar radiation under a clear sky  
   [J m-2 d-1] 
 Neff    = effective day length [s d-1]  
5.2.5. Gross photosynthetic rate of a fully developed canopy 
Crop photosynthesis, just like individual leaf photosynthesis, exhibits a light 
response curve of a saturation type. The actual crop photosynthesis amounts to a 
fraction of the saturation level, which can be represented by a rectangular 
hyperbola. This general idea has been applied to estimate the daily gross 
photosynthesis of a fully developed canopy under a completely overcast sky or a 
completely clear sky. The leaf angle distribution was assumed to be spherical, and 
leaf area index was set to 5. A linear regression was made between the model 
results and the results for the descriptive equations. As such, the best estimates for 
the model results could be calculated. For low values of LAI, the photosynthesis 
rate was reduced, according to the fraction of light intercepted. An additional 
procedure has been developed to set an upper limit to the rate of photosynthesis, 
especially for low rates of maximum photosynthesis at light saturation. 
 
Although crop photosynthesis under an overcast or clear sky is following the same 
principles, important differences between the two cannot be neglected. The sunlit 
and shaded leaves will contribute in a different way to total photosynthesis than the 
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leaves intercepting only diffuse radiation under an overcast sky. The more unequal 
light distribution under a clear sky than under an overcast sky is reflected in 
different formulae and consequently the two cases will be discussed separately.  
Gross daily canopy photosynthesis under an overcast sky 
Daily gross crop photosynthesis of a closed canopy under an overcast sky is given 
by: 
effmaxf NLAIA P  PO ×××=  
 
with POf  = daily gross photosynthetic rate of a closed canopy under an  
   overcast  sky [kg CO2 m-2d-1] 
P  = fraction of the daily canopy photosynthetic rate at light satu- 
   ration [-] 
Amax  = leaf photosynthetic rate at light saturation  
   [kg CO2 m-2 (leaf) s-1] 
LAI  = leaf area index = 5 [m² (leaf) m-2] 
Neff  = effective daylength [s d-1] 
 
The photosynthetic rate of an individual leaf at light saturation amounts to                
0.84× 10-6 kg CO2 m-2 s-1 for a C3 crop (i.e. groundnut, bean, potato) and            
1.67× 10-6 kg CO2 m-2 s-1 for a C4 crop (i.e. sorghum, maize). This value should be 
multiplied with the leaf area index to find the photosynthetic rate at light saturation 
for the complete canopy. Initially, a leaf area index of 5 is supposed, corresponding 
to a completely closed canopy. The resulting photosynthetic rate is expressed in   
kg CO2 m-2 s-1. Multiplying Amax, LAI and Neff gives the daily, maximum, gross 
photosynthetic rate at light saturation of a fully developed canopy with a leaf area 
index of 5. The actual daily gross canopy photosynthetic rate however, is a fraction 
P of the maximum photosynthetic rate at light saturation.  
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The fraction P is given by: 
1X
XP
+
=   
with  
LAIA
EFFERADOX
max ×
×
=  
 
and RADO  = average daily incoming PAR on an overcast day [J m-2 s-1] 
 EFFE    = canopy light use efficiency for the incoming PAR kg CO2 J-1] 
 Amax    = leaf photosynthetic rate at light saturation  
   [kg CO2 m-2 (leaf) s-1] 
 LAI    = leaf area index = 5 m² (leaf) m-2] 
 
The denominator corresponds to the maximum gross photosynthetic rate at light 
saturation. The numerator corresponds to the gross photosynthetic rate, which 
follows from the incoming PAR and the light use efficiency at low light intensities. 
From the photosynthesis-light response curves for individual leaves, it is found that 
the light use efficiency for the incoming PAR is 14× 10-9 kg CO2 J-1. Since about   
8 % of the PAR is reflected by a closed canopy, an efficiency of                
12.9× 10-9 kg CO2 J-1 is used for EFFE. 
 
A linear regression between the model results and the results of the descriptive 
equations yields the best estimates for the model results. For the photosynthetic 
rate under an overcast sky, the following linear regression equation has been 
applied: 
 
3
fm 1011.0PO9935.0PO
−×+×=  
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with POm  = best estimate for the daily photosynthetic rate of a fully  
   developed canopy under an overcast sky [kg CO2 m-2d-1] 
 POf  = daily photosynthetic rate of a fully developed canopy under  
   an overcast sky, calculated with the descriptive equations  
   [kg CO2 m-2d-1] 
Gross daily canopy photosynthesis under a clear sky 
The daily gross crop photosynthetic of a closed canopy under a clear sky                
[kg CO2 m-2d-1] is given by: 
 
PSHPSPCf +=  
 
with PS  = daily gross canopy photosynthetic rate of sunlit leaves  
      [kg CO2 m-2d-1] 
 PSH  = daily gross canopy photosynthetic rate of shaded leaves   
                            [kg CO2 m-2d-1] 
 
Thus, two classes of leaves are distinguished, sunlit and shaded. For a spherical 
leaf angle distribution, the sunlit area is given by 2 ×  sin(β) where β is the actual 
solar height. As a rough estimate, the average sine of the solar height is half of that 
at noon. Thus, the average daily sunlit leaf area can be estimated as the sine of the 
solar height angle at noon.  
λ)δ
2
π(sinSLLAE −+=  
 
with SLLAE  = average daily sunlit leaf area [m² (leaf) m-²] 
 δ    = solar declination [rad] 
 λ    = latitude [rad] 
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The gross daily canopy synthesis of the sunlit leaves is then: 
 
effmaxs NSLLAEAPPS ×××=  
 
with PS    = gross daily canopy photosynthetic rate of sunlit leaves 
      [kg CO2 m-2d-1] 
Ps    = fraction of maximum photosynthetic rate for sunlit leaves [-] 
Amax   = maximum photosynthetic rate at light saturation  
   [kg CO2 m-2 s-1] 
SLLAE = sunlit leaf area [m² (leaf) m-2] 
LAI  = leaf area index = 5 [m² (leaf) m-2] 
Neff  = effective daylength [s d-1] 
 
 
And the gross photosynthetic rate of the shaded leaves is then: 
 
effMAX NSLLAE)(LAIAshPPSH ×−××=  
 
with PSH  = gross daily canopy photosynthetic rate of shaded leaves  
   [kg CO2 m-2d-1] 
Psh  = fraction of maximum photosynthetic rate for shaded leaves [-] 
 Amax  = maximum photosynthetic rate at light saturation  
   [kg CO2 m-2 s-1] 
SLLAE = sunlit leaf area [m² (leaf) m-2] 
 LAI  = leaf area index = 5 [m² (leaf) m-2] 
Neff  = effective daylength [s d-1] 
 
By searching the best fit, it was found that 45% of the incoming PAR is allotted to 
the average sunlit leaf area. Consequently, 
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max
s ASLLAE
EFFERADC45.0X
×
××
=  
and 
( ) maxsh ASLLAELAI
EFFERADC55.0X
×−
××
=  
 
with Xs  = variable X for sunlit leaves [-] 
 Xsh  = variable X for shaded leaves [-] 
 RADC = incoming PAR under clear sky [J m-2 s-1] 
 EFFE  = initial light use efficiency [kg CO2 J-1] 
 SLLAE = sunlit leaf area [m² (leaf) m-2] 
 LAI  = leaf area index = 5 [m² (leaf) m-2] 
Amax  = maximum photosynthesis rate at light saturation  
   [kg CO2 m-2 s-1] 
 
A second effect of the unequal light distribution is that the saturation level is 
approached more gradually than under an overcast sky. Such a phenomenon can be 
represented by replacing the dimensionless variable X by ln(1+X) before 
substitution into the rectangular hyperbola. The equations are now given by: 
X)1(lnX's +=   and   '
s
'
s
s
X1
X
P
+
=  
 
X)1(lnX'sh +=    and   '
sh
'
sh
sh
X1
X
P
+
=  
 
The best estimates for the gross photosynthetic rate under a clear sky are found by 
applying the following linear regression equation: 
 
3
fm 1005.2PC95.0PC
−×+×=  
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with PC  = best estimate for the daily photosynthetic rate of a fully  
   developed canopy under a clear sky [kg CO2 m-2d-1] 
PCf  = daily photosynthetic rate of a fully developed canopy under a  
   clear sky, calculated with the descriptive equations  
   [kg CO2 m-2d-1] 
5.2.6. Gross photosynthetic rate of a non-closed crop surface 
For low values of the LAI, when the canopy does not form a closed crop surface, 
radiation is lost to the soil and photosynthesis is reduced. This reduction can be 
estimated by the fraction of intercepted radiation: 
 
LAI)k(exp1fint ×−−=  
 
with fint  = fraction of intercepted radiation when the LAI < 5 [-] 
 LAI  = actual leaf area index [m² (leaf) m-2] 
 k  = extinction coefficient = 0.5 [-] 
 
In many tropical systems, crops rarely, if ever, cover the ground completely. This 
can be because crops are deliberately sown in distinct clumps or rows, to optimise 
the use of available water rather than light. In these circumstances, the Beer’s law 
analogy of randomly distributed leaves and the corresponding Monsi-Saeki 
equation fails (Azam-Ali and Squire, 2002). However, several authors (Begg et al., 
1964; Bonhomme et al., 1982; Muchow et al., 1982) used extinction coefficients of 
about 0.4 and 0.6 in tropical areas characterised by a higher average solar height 
and wider row spacing.  The influence of the crop architecture and solar height on 
gross assimilation is especially important when simulating crop growth with an 
hourly temporal resolution. For daily models, a constant extinction coefficient 
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suffices. Instead of using the extinction coefficient of 0.8, used in the SUCROS 
model (Goudriaan and van Laar, 1978), an average extinction coefficient for crop 
stands in the tropics of 0.5 has been taken into account. 
 
For low values of Amax, photosynthesis is better related to leaf area than to 
intercepted radiation. In the extreme situation, all leaves are photosynthesising at 
the maximal rate all day long. In that case the daily photosynthesis rate is given by               
Amax × LAI× N. In fact, both estimates fint ×  POm (C1) and Amax × LAI× N (C2), give 
an upper limit to the rate of photosynthesis. When these estimates are not much 
different, it means that saturation with light gives a considerable reduction and that 
photosynthesis is less than predicted by fint ×  POm. The best estimation for the 
canopy gross photosynthesis rate on overcast days (Pov) is obtained by applying the 
following rules: 
 
If C1 is greater than C2 then 








−×=
−
2
1
C
C
2ov e1CP  
 
If C1 is smaller than C2 then 








−×=
−
1
2
C
C
1ov e1CP  
 
with Pov  = daily photosynthetic rate of the canopy under a completely  
   overcast sky [kg CO2 m-2d-1]  
 C1  = fint × POm [kg CO2 m-2d-1] 
 C2  = AMAX × LAI × N [kg CO2 m-2d-1] 
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The same procedure can be applied for the daily photosynthetic rate of the canopy 
under clear sky conditions, Pcl. 
5.2.7. Actual gross canopy assimilation rate 
The previous procedure yields the daily photosynthetic rate of the canopy under a 
completely clear or an overcast sky. The actual hours of sunshine can be used to 
determine the fraction of the day that the sky is overcast or clear. The actual daily 
gross assimilation rate is calculated as the sum of the photosynthetic rate during the 
clear sky period and that during the overcast period:  
 
clov Pf)1(Pf'GASS ×−+×=  
 
with GASS’ = actual daily gross assimilation rate [kg CO2 m-2d-1] 
 Pov  = daily photosynthetic rate under an overcast sky  
   [kg CO2 m-2d-1] 
 Pcl  = daily photosynthetic rate under a clear sky [kg CO2 m-2d-1] 
 f  = fraction of the day that the sky is overcast [-] 
 1-f  = fraction of the day that the sky is clear [-] 
 
and 
N
n1f −=  
 
with n  = actual hours of sunshine [h] 
 N  = astronomical daylength [h] 
   = maximum possible hours of sunshine  
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The absorbed CO2 is reduced in the crop to carbohydrates or sugars. To express the 
assimilation rate expressed in CH2O, the rate in CO2 is multiplied by 44
30 , the ratio 
of their molecular weights. The gross assimilation rate can be further converted to 
assimilates per hectare instead of per square meter. 
 
'GASS
44
3010GASS 4 ××=  
 
with GASS = actual daily gross assimilation rate [kg CH2O ha-1d-1] 
 GASS’ = actual daily gross assimilation rate [kg CO2 m-2d-1] 
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5.3. Respiration 
The net dry matter increase, however, is not only determined by the photosynthesis 
rate. Losses due to respiration should be included too. High-energy compounds are 
broken down through two pathways: photorespiration and dark respiration.  
 
The process of photorespiration is induced in C3 plants by the presence of oxygen. 
Photorespiration acts on the CO2 initially fixed by photosynthesis and its rate is 
therefore closely linked to the CO2 fixation rate. The importance of 
photorespiration increases with temperature, resulting in a reduction of the initial 
efficiency of light use of individual leaves. Photorespiration of C3 crops has 
already been accounted for by a lower photosynthetic rate at light saturation. There 
is no photorespiration in C4 plants.  
 
Irrespective of their photosynthetic system, all green plants undergo the process of 
dark respiration in which atmospheric oxygen is used by plants to convert 
carbohydrates into CO2 and water, with the simultaneous liberation of energy. 
Plants use this energy to build more complex molecules from the initial products of 
photosynthesis. Respiration is an important part of the carbon budget of crops 
because it is responsible for the loss of CO2 from plant cells. It can be considered at 
two levels: (1) that, which occurs as a result of the growth of crops and (2) that, 
which is required for their maintenance. It is generally assumed that, at any given 
temperature, respiration continues in the light at a comparable rate to that of the 
dark. Moreover, during the life of a crop, the relative contributions of the growth 
and maintenance components of respiration change with the age and weight of the 
crop (Azam-Ali and Squire, 2002).  
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5.3.1. Maintenance respiration 
Maintenance processes in plants consist of re-synthesis of degraded proteins and 
maintenance of ion gradients across cell membranes. Both processes require a 
constant supply of energy, delivered by the maintenance respiration process 
(Penning de Vries and van Laar, 1982). Although accurate data on maintenance 
requirements are scarce, reasonable estimates can be made on the basis of the 
composition of the biomass present. As the maintenance process is mainly related 
to protein content, its calculation can be based on the protein content of the tissue. 
In the SUCROS model, the relative maintenance respiration rate of the different 
plant organs has been estimated based on their composition. As such, for each 
organ, the gross assimilation rate and the maintenance respiration rate could be 
estimated.  
 
In the DAICROS model, the partitioning of dry matter production hasn’t been 
included, and therefore, the maintenance respiration rate should be estimated at the 
level of the total crop. Estimates of the relative maintenance respiration rate, Rm, at 
a standard temperature of 20°C are given in Table 5.3 for four groups of crops; 
each group having approximately the same chemical composition (van Keulen and 
Wolf, 1986).  
 
Effects of the environment on the intensity of the process are not so well 
established. Temperature, the most important factor, usually stimulates the 
maintenance process by a factor of 2.0 per 10 °C temperature increase (van Keulen 
and Wolf, 1986). A light water stress does probably not affect the intensity of the 
maintenance process. In order to take into account the impact of temperature, the 
maintenance respiration has been calculated as follows: 
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)20(t
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 Q TDW    RMRES
−
××=  
 
with MRES = daily maintenance respiration rate [kg(CH2O) ha-1 d-1] 
Rm  = relative maintenance respiration rate at 20 °C  
   [kg(CH2O) kg-1(DW) d-1] 
 TDW  = total accumulated dry weight [kg(DW) ha-1] 
 Q10  = 2 [-] 
tmean  = mean daily temperature [°C] 
5.3.2. Growth respiration 
The amount of assimilation products available for increase in dry weight of the 
crop equals the difference between the gross assimilation and the maintenance 
respiration. The conversion of the primary photosynthates into structural materials 
(carbohydrates, proteins, lipids, lignin, organic acids, minerals) requires substrate 
for building materials and energy for synthesis of the product, the transport of 
sugars and the uptake of nitrogen and minerals. Therefore, part of the sugars 
assimilated is respired to provide energy for the synthesis of new plant 
components. Another part is lost as refuse in the process of synthesis. Different 
biochemical pathways, characterised by different weight efficiencies, are employed 
for conversion of reserves into each of these components. The magnitude of the 
growth respiration is thus determined by the composition of the end product 
formed. Fats and lignin are produced at high costs, structural carbohydrates and 
organic acids are relatively cheap. Proteins and nucleic acids form an intermediate 
group (Penning de Vries and van Laar, 1982; van Keulen and Wolf, 1986). The 
growth respiration can also be represented by its complement, the conversion 
efficiency Eg. Consequently, the dry weight increment is equal to the conversion 
efficiency times the available assimilation products. In the SUCROS model, 
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average conversion factors have been used for leaf, stem, root, and grain biomass 
(Penning de Vries and van Laar, 1982).  
 
The DAICROS model uses conversion efficiencies of different crop groups as has 
been tabulated in Table 5.3. At high temperatures, the rate of conversion of primary 
photosynthates into structural plant material changes, but the conversion efficiency 
remains constant, because the biochemical pathway is not affected by temperature. 
However, as the conversion occurs largely at night, low night temperatures may 
hamper the process.    
 
Table 5.3: Relative maintenance respiration rate and conversion efficiency of 
different crop groups (van Keulen and Wolf, 1986) 
relative maintenance respiration rate conversion efficiency crop group 
(kg CH20 kg-1 CH20 d-1) (kg DM kg-1CH20) 
root and tuber crops 
cereals 
protein-rich seed crops 
oil-rich seed crops 
0.010 
0.015 
0.025 
0.030 
0.75 
0.70 
0.65 
0.50 
 
5.3.3. Net assimilation 
The daily dry matter increase is then given by: 
 
( )MRESGASS ENASSE  DMI gg −×=×=  
 
with DMI   = daily dry matter increase [kg(DW) ha-1 d-1] 
 Eg  = conversion efficiency [kg(DW) kg-1(CH2O)] 
 NASS = net assimilation rate [kg(CH2O) ha-1 d-1] 
GASS = gross assimilation rate [kg(CH2O) ha-1 d-1] 
 MRES = maintenance respiration rate [kg(CH2O) ha-1 d-1] 
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If, at the end of the crop cycle, the maintenance costs are higher than the daily dry 
matter increase, the net assimilation rate is set to 0. Destruction of the produced 
biomass is thus not allowed to occur. Summation of the daily dry matter increase 
over the crop cycle gives the total dry weight of the crop at harvest. 
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5.4. Yield efficiency 
For many determinate crops, the reproductive weight of individual plants is closely 
related to the total dry weight of each plant above a minimum weight of vegetative 
infrastructure necessary before reproductive growth can commence. The ratio of 
reproductive or economic yield to total dry weight, indicated as the harvest index, 
remains constant. However, the allocation of assimilates to the reproductive or 
economically important components, is not always conservative and estimates of 
yield based on such an assumption may be very wrong. This is particularly the case 
for crops that are grown in marginal areas, relying on stored soil water. Here, the 
vegetative phase may continue more-or-less as normal whilst there is adequate 
water but drought will become increasingly important during grain filling. This will 
lead to premature senescence of leaves and a reduction in crop photosynthetic 
potential. The net effect will be a crop with a reasonable vegetative growth but 
poor final yield (Azam-Ali and Squire, 2002). When calculating the economic 
yield at the RPP level however, water and nutrient supply are considered to be 
optimal. Some harvest indices of crops grown in similar optimal conditions are 
given in Table 5.4.  
 
Table 5.4: Harvest index of some crops grown in Rwanda (Sys et al., 1993) 
crop harvest index 
(-) 
potato 
common bean 
groundnut 
maize 
sorghum 
0.60 
0.30 
0.30 
0.35 
0.25 
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The total accumulated crop biomass at harvest includes all above- and underground 
plant organs. In the DAICROS model, multiplication of the net accumulated 
biomass with the harvest index gives the yield (t ha-1) of the economically useful 
part of the crop. This approach is similar to the one followed by the FAOCROS 
model (1979). 
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5.5. Crop development 
5.5.1. Phenological stages 
With respect to the growth rate, three phases may be distinguished (Fig. 5.6). 
During the first phase the crop consists of individual plants that do not shade each 
other and the growth rate increases. In the second phase the crop covers the soil 
completely and the growth rate is constant. In the third phase the crop is maturing 
and the growth rate is decreasing. 
 
  
Fig. 5.6: Schematised course of growth rate and total dry weight (Azam-Ali and 
Squire, 2002) 
 
In the first phase, most assimilates are invested in leaf growth. This increase in leaf 
area is accompanied by a proportional increase in energy interception, because 
neighbouring plants are so small that mutual shading hardly plays a role. Individual 
plant weight increases by a constant proportion per day, thus leading to exponential 
growth. After a closed crop surface has been formed, more leaf growth does not 
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lead to more light interception, hence the growth rate remains constant and total 
plant weight increases linearly. In the last phase, leaf senescence leads to a 
decrease in the growth rate. 
  
The major part of the total dry matter accumulation is achieved during the second 
phase. Total dry matter production of the crop is thus largely determined by the 
magnitude of the growth rate during the linear phase and the duration of that phase 
(van Keulen and Wolf, 1986). 
 
However, a crop not only accumulates weight, it also passes through successive 
phenological development stages, characterised by the order and rate of appearance 
of vegetative and reproductive organs. The order of appearance of the various 
organs is species-specific. It may vary among species and is almost independent of 
the circumstances (Van Keulen and Wolf, 1986). Timing and rate of organ 
appearance, however, is dependent on genetic and environmental conditions and is, 
consequently, highly variable. The major environmental conditions influencing 
phenological development are temperature and daylength. Winter crops need a 
period of low temperature to induce flowering. This process is called vernalisation. 
Summer crops in temperate and tropical climates do not need a period of low 
temperature. For all crops however, higher temperatures shorten the length of a 
given phenological stage. The shape of the curves relating the number of days until 
anthesis to temperature suggests a constant product of days and temperature. This 
product is the temperature sum or so called thermal unit (TU). The most common 
method of obtaining TU values for the duration of a phenological stage is to add 
average daily temperatures above a threshold value. The range of threshold values 
varies between 0 and 10 °C for different crops, species and varieties. Consequently, 
the development rate increases and the length of the total growing period decreases 
with increasing temperature. For a discussion on the bases and limits of using these 
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“degree.day” units to determine crop development, the reader is referred to a 
review written by Bonhomme (2000).  
 
For some species, the effect of temperature on development is modified by the 
influence of the length of the day, or, in fact, the length of the dark period. This 
effect is called photoperiodism. With regard to this mechanism, plants may be 
classified into three groups: (1) day-neutral plants, for which development rate is 
insensitive to daylength; (2) long-day plants, for which anthesis is induced by the 
occurrence of long days; and (3) short-day plants, for which anthesis is induced by 
the occurrence of short days. The reaction to daylength may be an important 
characteristic when a new species or cultivar is introduced in a region.  
 
In the SUCROS model (Penning de Vries and van Laar, 1982), the phenological 
stage of the canopy is characterised by its development stage, a variable having the 
value 0 at emergence, 1 at flowering and 2 at maturity. Intermediate values are 
obtained by the integration of the rate of development, which depends on the 
average daily temperature and the daylength in the vegetative phase, and on 
temperature only afterwards. Differences in temperature sensitivity between 
species and cultivars may exist, associated with photoperiodic influences. The 
impact of temperature and daylength on the development rate is crop-, species-, 
and cultivar-specific, and thus it needs to be established experimentally.  
 
Often, these data are not available to the land evaluators. The DAICROS model 
should therefore be applicable with only local data on the length of the total crop 
cycle and literature data on the relative length of the crop development stages.  
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Four phenological development stages have been distinguished: 
 
• initiation  : from germination to early growth 
• crop development : from early growth  to effective full ground cover  
• mid-season  : from effective full ground cover to start of maturation 
• late-season  : from the start of maturation to full maturity or harvest 
 
Early growth is characterised by a ground cover percentage less than 10, while 
effective full ground cover is reached at 70 to 80 %.  The discolouring or shedding 
of the leaves marks the beginning of maturation (Sys et al., 1991a). 
 
The agricultural calendar of the lowlands, middle altitudes and highlands, as 
described by Ndayizigiye (1993) has been used to derive the crop cycle length of 
the most important crops cultivated in Rwanda. These cycle lengths were then 
compared with the standard lengths of the different crop growth stages, described 
in Sys et al. (1993), to give a sound estimation of the length of the different 
development stages of crops grown in the three different altitudinal regions of 
Rwanda. The results are shown in Table 5.5. The effects of daylength have not 
been treated quantitatively, because it is assumed that in each region species with 
the proper day-length reaction are cultivated. 
5.5.2. Partitioning of assimilates and leaf growth 
Although the basic processes governing phenological development and biomass 
production act independently, both phenomena are strongly interrelated. If the rate 
of development is high, total biomass production will be low, because the period of 
linear growth will be short. Moreover, crops are generally not grown for total 
biomass, but for their storage organs. These storage organs grow only during the 
latter part of the growth cycle, after roots, leaves and stems have been produced. A 
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short growing period, resulting in low vegetative biomass, especially of leaves 
responsible for light interception, leads inevitably to a poor crop. On the other 
hand, too much biomass invested in vegetative organs may lead to a relatively low 
production of storage organs, because of the high maintenance requirements. 
Therefore, not only total biomass is important, but also its distribution over the 
various plant organs (van Keulen and Wolf, 1986). 
 
Table 5.5: Length of development stages of some crops grown in 3 altitudinal 
regions in Rwanda (standard lengths based on Sys et al., 1993) 
crop region length of the crop development stages (days)a 
  ini cd ms ls total 
low 22 36 38 24 120 
middle 22 36 38 24 120 
high - - - - - 
groundnut 
standard 15-35 30-45 30-50 20-30 95-160 
low 13 23 36 18 90 
middle 18 30 48 24 120 
high 23 37 60 30 150 
common 
bean 
standard 15-20 25-30 40-50 20 95-110 
low 31 54 59 36 180 
middle 31 54 59 36 180 
high - - - - - 
sorghum 
standard 20-25 30-40 40-45 30 120-150 
low 24 38 38 20 120 
middle 30 45 45 30 150 
high 42 67 67 34 210 
maize 
standard 15-30 30-45 30-45 10-30 85-150 
low - - - - - 
middle 24 34 38 24 120 
high 24 34 38 24 120 
potato 
standard 20-30 30-40 30-60 20-35 100-165 
aini = initiation; cd = crop development; ms = mid-season; ls = late-season 
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In the SUCROS model, the increase in total dry weight of the crop is partitioned 
over the plant organs using crop and development stage specific partitioning 
factors. This is a correct simulation of what occurs during the vegetative stage. 
Storage organs however, may not only be formed from current photosynthates but 
also from carbohydrates and proteins that have been stored temporarily in 
vegetative parts and that are redistributed during the reproductive stage. As a result, 
the prediction of the economic yield can be too low, depending on the crop type 
and growth conditions (Penning de Vries and van Laar, 1982). Partitioning of the 
dry matter however is very interesting as it can be used to estimate the actual LAI 
at each moment by assuming a constant specific leaf area to mass of dry matter.  
 
Crop specific data on biomass distribution are generally lacking in developing 
countries of the tropics and subtropics, and therefore, the partitioning of the total 
dry matter production has not been considered in the DAICROS model. For the 
simulation of the LAI, other existing models have been studied. In WOFOST, an 
exponential growth stage is followed by a source-limited growth stage. During the 
exponential growth stage, leaf growth is determined by the effect of temperature on 
cell division and extension. With the development of the crop however, leaf area 
expansion is increasingly limited by assimilate supply and leaf development 
evolves into a source-limited stage. Death of leaves is caused by their limited life 
span or by mutual shading at high leaf area indices (Supit et al., 1994). Several 
crop specific parameters are required to apply this model however. Goudriaan and 
van Laar (1978) simulated leaf growth using a constant specific leaf area. Leaf 
growth stopped after anthesis. Due to leaf senescence, the weight of active leaves 
even declines. It is assumed that the relative rate of decline is constant and it equals 
0.03 kg leafs per kg leafs per day. The same procedure has been followed in the 
SUCROS model (Penning de Vries and van Laar, 1982).  
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In the DAICROS model, four different leaf growth stages have been distinguished 
during their development: 
 
• fast, linear growth     : from emergence to end of the development stage 
• reduced, linear growth  : from the beginning of mid-season till half mid-season    
• zero growth      : from half mid-season till the end of the mid-season 
• exponential decay    : from the beginning of late-season till the end of late- 
     season 
 
During the period of fast, linear growth, the LAI increases at a constant rate 
determined by: 
opment)crop devel(initial
max
length
LAI
+
 
 
with LAImax   = leaf area index at maximum growth rate [m² m-2] 
 length(initial + crop development) = days from emergence till the end of crop 
   development [days] 
      
The LAI at maximum growth rate is available from literature (Sys et al., 1993). At 
maximum growth rate, the leaf area index of, for instance, groundnut, common 
bean, sorghum and maize attains 3.5 m2 m-2, while that of potato attains a value of 
4.0 m2 m-2.  
 
From the mid-season on, more and more assimilates are used to produce 
reproductive organs. Leaf development continues at a constant, but reduced rate, 
until the canopy is fully developed. The rate at which the LAI increases during this 
second stage is: 
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season)(half mid-
maxfull
length
LAILAI −
 
 
with LAIfull   = leaf area index at full canopy development  
  [m² m-2] 
 LAImax   = leaf area index at maximum growth rate [m² m-2] 
 length(half mid-season)  = half of the duration of the mid-season [m² m-2] 
 
Relevant data on the LAI at full canopy development are not always available. 
Therefore, the LAIfull has been estimated by LAImax + 0.5.  
 
Leaf growth stops from the second half of the mid-season on, when all assimilates 
are used for the development of reproductive organs such as flowers and seeds. Till 
the end of the mid-season all leaves are actively participating in this biomass 
production, and consequently, the LAI keeps its maximum value during this stage: 
 
fullLAILAI =  
 
The start of the late-season is characterised by the discolouring or shedding of 
leaves. The leaf area actively photosynthesising consequently decreases 
exponentially due to leaf senescence. The relative leaf death rate has been 
estimated at 3 % per day and continues until the crop is harvested:  
 
03.0*LAILAILAI 1t1tt −− −=  
 
with LAIt  = actual leaf area index [m² m-2] 
 LAIt-1  = leaf area index of the previous day [m² m-2] 
0.03 = relative death rate [-] 
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5.5.3. Initialisation 
Biomass production at the end of the first day has been estimated using the LAI 
reached after half a day, and assuming that the respiration losses are negligible. In 
some other models, the LAI at emergence is input in the model. Regarding the 
definition of the crop development stages, it should be remarked that the initial 
stage starts from germination. At this moment, the crop growth model also starts 
simulating photosynthesis. In reality, this process only starts at emergence. 
However, when the sowing date has been chosen carefully, and the growth 
conditions are optimal, emergence should not be delayed too much after 
germination, and the error made will be limited. 
 
To initiate the photosynthesis model, some photosynthesising leaves should already 
have developed. Information about the leaf area at emergence however, is not 
always available. Therefore, in the DAICROS model, the LAI reached at noon of 
the first day of the crop cycle has been used as initial LAI on the first day of the 
crop cycle. 
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5.6. Sensitivity analysis 
5.6.1. Objectives 
The DAICROS model has been used to calculate the RPP for some crops cultivated 
in Rwanda, when sown in different altitudinal zones and on different sowing dates. 
Crop choice was limited to those crops represented in the agricultural calendar of 
the lowlands (< 1,500 m), middle altitudes (1,500 – 2,000 m) and highlands          
(> 2,000 m) of Rwanda, as discussed by Ndayizigiye (1993). Consequently, the 
RPP has been calculated for groundnut, common bean, sorghum, maize and potato. 
To represent the radiation environment of the altitudinal regions, three 
meteorological stations have been selected: Kigali, Musanze, and Kinigi. For these 
stations, daily measurements of the relevant climatic parameters were available for 
the years 1985 and 1986. The sowing dates were chosen based on local practices, 
as discussed by Ndayizigiye (1993).  
 
During the sensitivity analysis, not only the final results but also intermediary 
results of the DAICROS model have been discussed and compared with those 
gathered with the FAOCROS model (1979). This resulted in a further optimisation 
of the modelling procedure. 
5.6.2. Input data 
Crops and management 
The selected crops, belonging to four different crop groups, represent a high variety 
regarding maximum gross photosynthesis rate at light saturation, relative 
respiration rate, conversion efficiency, crop cycle length, and harvest index. The 
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crop specific parameters used to drive the model have been summarised in Table 
5.6.  
 
Table 5.6: Photosynthetic adaptability, LAI, relative respiration rate, conversion 
efficiency and harvest index of the selected crops 
crop Pa LAI Rm Eg Hi 
 (-) (m2 m-2) kg (CH2O) kg-1 (DW) d-1 kg (DW) kg-1 (CH2O) d-1 (-) 
groundnut C3 3.5 0.030 0.50 0.30 
bean (dry) C3 3.5 0.025 0.65 0.30 
sorghum C4 3.5 0.015 0.70 0.25 
maize C4 3.5 0.015 0.70 0.35 
potatoes C3 4.0 0.010 0.75 0.60 
 
In Rwanda, the agricultural year starts in August of the previous civil year and lasts 
until July of the actual civil year. In general there are two cropping seasons, season 
A corresponding to the short rainy season from September to January, and season 
B corresponding to the long rainy season from February to June. Nevertheless, 
regional changes in altitude and rainfall distribution, and the cultivation of crops in 
humid valleys (season C), result in a more complicated agricultural calendar. Table 
5.7 gives an overview of the sowing periods of all selected crops. 
 
Groundnut is cultivated at low and middle altitudes. The short crop cycle allows 
two harvests and the crop is sown from September to October and from February to 
March. The agricultural calendar of common bean, grown below 2,000 m, runs 
parallel to that of maize. Both crops are sown from September to October and from 
February to March. During the drier summer months June and July, they are sown 
in the humid valleys and swamps. At higher altitudes, common bean is sown in 
January and February while maize is sown from November to December, having a 
much longer crop cycle. In the valleys of high altitudes, beans are sown from May 
to June, while maize is sown in June and July. 
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Table 5.7: Sowing periods of the selected crops in the altitudinal regions in 
Rwanda 
crop region season A season B season C 
groundnut low Sep-Oct Feb-Mar - 
 middle Sep-Oct Feb-Mar - 
 high - - - 
common bean low Sep-Oct Feb-Mar Jun-Jul 
(dry) middle Sep-Oct Feb-Mar Jun-Jul 
 high - Jan-Feb May-Jun 
sorghum low - Dec-Jan Dec-Jan 
 middle - Dec-Jan Sep-Oct 
 high - - - 
maize low Sep-Oct - Jun-Jul 
 middle Sep-Oct - Jun-Jul 
 high - Nov-Dec Jun-Jul 
potato low - - - 
 middle Sep-Oct Feb-Mar May-Jun 
 high Sep-Oct Feb-Mar May-Jun 
 
The crop cycle of sorghum is very long, allowing only one harvest yearly (on the 
same field). It is a crop of season B, sown from December to January. Potatoes are 
only cultivated at middle and high altitudes. When cultivated on the hills, they are 
sown from September to October and from February to March. Valley crops are 
sown in May and June.  
Climate 
Latitude, altitude, and annual mean temperature of the three meteorological stations 
have been summarised in Table 5.8. Daily insolation records were only available in 
Kigali, and consequently the same data had to be used in all three stations.  
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Table 5.8: Characterisation of the selected meteorological stations 
region station latitude altitude Tmean  
  (dd) (m) (°C) 
lowlands Kigali -1.97 1,495 20.6 
middle altitudes Musanze -1.49 1,880 18.1 
highlands Kinigi -1.45 2,100 14.7 
 
5.6.3. Estimation of solar radiation 
The equations for solar declination, astronomical daylength and daily average solar 
height have been used to estimate the daily solar radiation at different latitudes and 
days of the year (Table 5.9). Problems were encountered when applying the 
formulae at higher latitudes during the midsummer and midwinter months. At some 
places, the calculated daylength equalled zero hours and consequently, there was 
no incoming solar radiation. Other errors were due to the term inside the arcsinus 
operator becoming smaller than –1 or greater than 1. Restricting the ratio results to 
the interval [–1; 1] solved the problems.  
 
Comparison of the calculated solar radiation with the tabulated values used by the 
FAOCROS model (Table 5.10) revealed an underestimation of the solar radiation 
in the DAICROS model. Nevertheless, the deviation is limited and the greatest 
difference in calculated and tabulated values equals 1.12 MJ m-2 d-1 on July 15 at 
70° northern latitude.  
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5.6.4. Estimation of gross photosynthetic rate of a fully developed canopy 
The gross photosynthetic rate of a fully developed canopy on completely clear and 
completely overcast days has been estimated for several latitudes and several days 
of the year, using the descriptive equations and regression equations. According to 
Goudriaan and van Laar (1978), latitudes above 70° cause a severe deterioration of 
the goodness of fit of the descriptive formulae, and therefore they have been 
excluded from the analysis. The maximum difference between the tabulated model 
results and the estimate should be limited to 32.3 kg CO2 ha-1d-1 on clear days and 
2.6 kg CO2 ha-1d-1 on overcast days.  
 
The gross photosynthetic rates of fully developed C4 and C3 crops, grown at 
different latitudes and on several days of the year calculated with the DAICROS 
model have been summarised in the Tables 5.11 and 5.12. Except at higher 
latitudes, the maximum difference with the values reported in the Tables 5.1 and 
5.2 is within the range of values found by Goudriaan and van Laar (1978). The 
reason for this deviation is not always clear. In some cases, the effective incoming 
radiation was found to be zero and consequently, the gross photosynthetic rate was 
set to zero too. In the Tables 5.11 and 5.12, summarising the modelling results, 
however, a minor photosynthetic activity has still been recorded.  
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5.6.5. Estimation of actual gross canopy photosynthetic rate 
DAICROS model versus the model developed by Goudriaan (1977) 
The intercepted radiation has been corrected for smaller LAIs by applying the 
reduction factor fint. After setting the upper limits to the photosynthesis process, the 
actual gross canopy photosynthetic rate on clear and overcast days has been 
estimated. The estimated values in the DAICROS model and the model results of 
Goudriaan for a LAI of 1 m2 m-2 and an extinction coefficient of 0.8 have been 
summarised in Tables 5.13 and 5.14. The estimations of the gross canopy 
photosynthetic rate on overcast days show a very good agreement with those of the 
model, although the error increases with the latitude. Generally, the overestimation 
is limited to 12 kg CO2 ha-1d-1 or 1.18× 10-3 kg CO2 m-2d-1. The gross canopy 
photosynthetic rate on clear days, which is more prone to errors, again, is clearly 
underestimated. The maximum error found at this stage attains a value of 30 kg 
CO2 ha-1d-1 or 3.04× 10-3 kg CO2 m-2d-1. 
 
Table 5.13: Estimated gross CO2 photosynthetic rate of a canopy with LAI = 1, a 
spherical leaf angle and Amax = 1.67 × 10-6 kg CO2 m-2d-1, according to 
DAICROS and the model of Goudriaan (1977)  
  gross CO2 photosynthetic rate (kg CO2 ha-1d-1) 
latitude  DAICROS  Goudriaan 
(°N)  15/dec 15/feb 15/apr 15/jun  15/dec 15/feb 15/apr 15/jun 
0 PC 375 385 387 375  397 407 409 397 
 PO 171 181 184 171  162 171 173 162 
20 PC 300 339 400 426  321 359 420 446 
 PO 122 148 189 202  116 140 178 190 
40 PC 180 256 392 464  206 280 414 485 
 PO 59 95 173 214  58 91 163 202 
60 PC 11 107 351 508  22 135 382 530 
 PO 1 31 132 208  4 31 127 198 
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Table 5.14: Estimated gross CO2 photosynthetic rate of a canopy with LAI = 1,  a 
spherical leaf angle and Amax = 0.84 × 10-6 kg CO2 m-2d-1, according to 
DAICROS and the model of Goudriaan (1977)  
  gross CO2 photosynthetic rate (kg CO2 ha-1d-1) 
latitude  DAICROS  Goudriaan 
(°N)  15/dec 15/feb 15/apr 15/jun  15/dec 15/feb 15/apr 15/jun 
0° PC 225 229 229 225  252 257 258 252 
 PO 143 149 150 143  139 145 147 139 
20° PC 189 207 237 252  210 231 257 282 
 PO 108 126 155 165  103 122 151 161 
40° PC 128 169 239 278  144 188 257 308 
 PO 56 87 147 178  54 83 142 172 
60° PC 11 86 229 317  21 103 254 345 
 PO 1 30 121 183  4 30 145 174 
 
DAICROS model versus the FAOCROS model (1979) 
The FAOCROS model uses tabulated values for the gross photosynthetic rate on 
clear and overcast days valid for an Amax of 20 kg CH2O ha-1 h-1                
(= 30 kg CO2 ha-1 h-1 or 0.84 x 10-6 kg CO2 m-2 s-1).  Corrections, based on the crop 
group and the day temperature, have been applied in order to approach a more 
relevant, crop specific maximum photosynthetic rate at light saturation. Generally, 
the favourable temperature conditions and the selection of a relevant crop cultivar 
for Rwanda, lead to a significant increase in the maximum photosynthetic rate, 
being around   35 % increase for C3 crops and 65 % increase for C4 crops.  
 
In DAICROS, the value for Amax can be chosen freely, although standard, 
temperature-independent values for C3 and C4 crops have been proposed.  The use 
of these temperature-independent maximum photosynthetic rates at light saturation 
however, resulted into a considerable underestimation of crop growth compared to 
the estimations of the FAOCROS model.  
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In the FAOCROS model, the limited photosynthetic capacity of a non-closed 
canopy has been taken into account by introducing the maximum growth rate ratio, 
formulated as follows: 
2
LAI LAI03.0LAI35.0k ×−×=  
 
with kLAI = maximum growth rate ratio [-] 
LAI = actual leaf area index of the canopy [m2m-2] 
 
The evolution of this maximum growth rate ratio as a function of the LAI has been 
illustrated in Fig. 5.7. Application of the kLAI is only valid for LAIs below or equal 
to 5 m2 m-2. For higher LAIs, the kLAI for a LAI of 5 m2 m-2 should be used.   
 
The evolution of the Monsi-Saeki equation for light extinction, assuming a light 
extinction coefficient of 0.8 (SUCROS) and assuming an adapted light extinction 
coefficient of 0.5 (DAICROS) has been visualised too. The use of fint is not 
restricted to a certain range of LAIs, but it evolves asymptotically to 1.00 for high 
values. Best estimations of the gross photosynthetic rate however, have been 
reported for LAI ranging from 0.1 to 10.0 m2m-2 (Penning de Vries and van Laar, 
1982).  
 
From Fig. 5.7 it is clear that the reduction of the gross photosynthetic rate of non-
closed canopies is much more severe when using the maximum growth rate ratio of 
the FAOCROS model or the Monsi-Saeki equation of the new model, than when 
considering the light extinction in the canopy of the SUCROS model. For beans 
with a LAI of 3.5 at maximum growth rate, the gross photosynthetic assimilation 
rate was reduced by 14 % in the FAOCROS model. In the DAICROS model the 
reduction evolved between 98 % and 14 % for initial and maximum LAIs 
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respectively, while in the SUCROS model reductions between 97 % (at low LAI) 
and 4 % (at max. LAI) have been found. 
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Fig. 5.7: Evolution of kLAI (FAOCROS) and fint (DAICROS) with the LAI 
5.6.6. Estimation of maintenance respiration rate 
The daily maintenance respiration rate in the DAICROS model has been based on 
the accumulated biomass, the relative respiration rate and a temperature correction 
factor. Comparison with the FAOCROS model is evident. This latter model 
estimates the maintenance respiration at the moment of maximum growth rate, 
based on the net accumulated biomass and a respiration coefficient, which also 
depends on crop type and temperature: 
 
( )230t t001.0t0019.0044.0cc ×+×+×=  
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with ct  = respiration coefficient [kg CH2O kg-1 CH2O d-1] 
c30  = relative respiration coefficient (at 30 °C)  
   [kg CH2O kg-1 CH2O d-1] 
= 0.0108 for non-legumes, 0.0283 for legumes 
 t  = mean temperature [°C] 
 
The relative maintenance respiration rates (or relative respiration coefficients) of 
the two models have been summarised in Table 5.15. Both make a distinction 
between different crop types, but the grouping of crops is much finer in the 
DAICROS model. Moreover, the relative maintenance respiration rate has been 
determined at 20 °C in the DAICROS model, while it is taken at 30 °C in the 
FAOCROS model.  
 
Table 5.15: Relative maintenance respiration rates in FAOCROS and DAICROS at 
different standard temperatures  
 relative maintenance respiration rate 
 (kg CH2O kg-1 CH2O d-1) 
model FAOCROS DAICROS 
standard temperature (°C) 30 30 20 
non-leguminous crops 0.0108   
     root/tuber crops  0.020 0.010 
     cereals  0.030 0.015 
leguminous crops 0.0283   
     protein-rich seed crops  0.050 0.025 
     oil-rich seed crops  0.060 0.030 
 
Estimation of the relative maintenance respiration rates used in the DAICROS 
model for a temperature of 30 °C, which implies doubling of the rates, illustrates 
the important difference between the relative respiration rates of the two models.  
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Similarly, the temperature correction coefficients of both models have been 
compared too (Fig. 5.8). The DAICROS model turned out to give higher estimates 
of the respiration rate at temperatures below 20°C or above 30°C. Within the 
temperature range from 20 to 30°C, both correction coefficients, however, were 
very well comparable. 
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Fig. 5.8: Temperature correction factors for the relative respiration rate applied in 
DAICROS at a standard temperature of 20°C and 30°C and in 
FAOCROS at a standard temperature of 30°C  
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5.6.7. Estimation of net assimilation rate, growth respiration rate and 
growth rate 
The growth respiration of the FAOCROS model has been estimated by multiplying 
the maximum gross biomass production rate with a constant factor of 0.28, 
corresponding to a conversion efficiency of 0.72.  
 
In fact, the model user is never confronted with the net assimilation rate, growth 
respiration rate or the growth rate as such, because at this stage, some assumptions 
regarding the accumulation of biomass have been introduced in the model. They 
are combined to yield a simple equation for the total accumulated biomass during 
the crop cycle.  
 
The parameters included are the maximum gross assimilation rate, the maximum 
growth rate ratio, the respiration coefficient, and the length of the crop cycle: 
 
t
LAI
c25.0L
1
kGASS2
72.0
Bn
×+
××
=  
 
with Bn  = total accumulated biomass at the end of the crop cycle  
   [kg DM ha-1d-1] 
 GASS = actual gross assimilation rate of the crop canopy  
      [kg CH2O ha-1d-1] 
 kLAI  = maximum growth rate ratio [-] 
 L  = crop cycle length [days] 
 ct  = maintenance respiration coefficient [kg CH2O kg-1 CH2O d-1] 
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Remark that the contribution of the maintenance respiration in the net accumulated 
biomass is only dependent on the maintenance respiration coefficient and 
independent on the biomass accumulated. The implications of this simplification 
have been revealed in the next section. 
 
In the DAICROS model these parameters have been quantified individually and 
daily. The losses due to growth respiration have been estimated by multiplying the 
net assimilation rate with a crop specific conversion efficiency factor, ranging 
between 0.50 kg DM kg-1 CH2O for oil-rich crops and 0.75 kg DM kg-1 CH2O for 
tubers. Growth respiration costs of oil-rich or protein-rich seed crops thus have 
been rated higher in the new model than in the FAOCROS model, while those for 
tubers and root crops were comparable.  
5.6.8. Yield estimation for 5 crops, sown in different cropping seasons and in 
different altitudinal regions 
The predictive power of the DAICROS model had to be evaluated by comparing 
the estimated yields with real world values. However, since the optimal growing 
conditions, typical for the RPP, can only be attained under strongly controlled 
management of i.e. experimental farms, and since no such real world data were 
available, the model results could only be tested by comparison with the results of 
other, well-known crop growth models, such as the FAO calculation procedure of 
the RPP (FAO, 1979).  
 
The discussion on the different model parameters already revealed some 
discrepancies between the DAICROS model and the FAOCROS model. Therefore, 
the evaluation was not limited to the new model as such, but included also a 
sensitivity analysis of the model for small changes in the major parameters. Finally, 
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the yields attained by the FAOCROS model have been compared to those of the 
new model described above and 3 additional, slightly modified model versions.  
Simulation 0: FAOCROS 
The maximum photosynthetic rate at light saturation has been initially set to                
20 kg CH2O ha-1h-1, but has been corrected later for the crop type (C3 or C4) and its 
photosynthetic adaptability as a function of day temperature. The relative 
maintenance respiration rate of non-leguminous crops has been set to             
0.0108 kg CH2O kg-1 CH2O d-1, that of leguminous crops has been set to           
0.0283 kg CH2O kg-1 CH2O d-1. The conversion efficiency was limited to             
0.72 kg DM kg-1 CH2O. Calculations were based on average climatic data recorded 
during the crop cycle and obtained yields have been summarised in Table 5.16. 
 
Table 5.16: RPP of the selected land utilisation types, estimated by FAOCROS 
   RPP (t ha-1) 
crop season sowing date lowlands middle 
altitudes 
highlands 
A 1-Oct-85 3.1 3.1 - groundnut 
B 1-Mar-86 3.1 3.1 - 
A 1-Oct-85 2.5 3.1 - 
B 1-Mar-86 2.4 3.1 - 
C 1-Jul-85 2.9 3.5 - 
B 1-Feb-86 - - 3.7 
common 
bean 
C 1-Jun-85 - - 4.0 
B 1-Jan-86 6.4 6.8 - sorghum 
C 1-Oct-85 - 6.7 - 
A 1-Oct-85 6.2 8.1 - 
B 1-Dec-86 - - 10.0 
maize 
C 1-Jul-85 6.8 8.9 10.3 
A 1-Oct-85 - 6.6 6.8 
B 1-Mar-86 - 6.6 6.8 
potato 
C 1-Jun-85 - 7.3 7.5 
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The yields of the C4 crops, maize and sorghum, clearly outstand those of the C3 
crops. The relatively high potato yields are due to the harvest index being two 
times that of the other crops. During the dry season, crops sown in the valleys yield 
most, as they enjoy very clear days. From comparison of the dry bean yields in the 
different altitude regions, it is clear that a longer crop cycle results in clearly higher 
yields. The results obtained for groundnut and common bean, sown near Musanze 
are equal. In the FAOCROS model, no distinction can be made between crops of 
the same crop group sharing the same leaf area index and crop cycle length.  
Simulation 1: DAICROS with k = 0.5 and Amax = constant 
Table 5.17 summarises the results when applying the DAICROS model as 
discussed above. An average light extinction coefficient of 0.5 has been used to 
calculate the fraction of the light absorbed by the canopy. The maximum 
photosynthetic rate at light saturation has been set to 0.84 × 10-6 kg CO2 m-2 s-1 for 
a C3 crop and to 1.67 × 10-6 kg CO2 m-2 s-1 for a C4 crop. 
 
Except for potato, the yields estimated by the DAICROS model are lower than 
those obtained by the FAOCROS model. Especially the yields of groundnut are 
extremely low. The strong underestimation of the yields of oil-rich seed crops and 
the overestimation of the yields of tubers mark the strong weight of both the 
relative maintenance respiration rate and the conversion efficiency. Another 
important factor for explaining the general underestimation of the yields is the 
maximum photosynthetic rate at light saturation, which has been set constant in the 
new model, while it is corrected for day temperature in the FAOCROS model. 
 
A longer crop cycle still leads to higher yields. The annual variation in yields 
however, is somewhat different. The clear skies of the dry season still have a 
positive impact on crop production, but the higher maintenance respiration rates, 
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associated to a higher mean temperature, limit crop growth. High maintenance 
costs are also responsible for the relatively low cereal yields. Their high growth 
rate is associated to higher respiration rates, and this during the long crop cycle. In 
the formula determining the net biomass production according to the FAOCROS 
model, the maintenance respiration coefficient is inserted, dependent only on the 
mean temperature and the relative maintenance respiration rate. Consequently, 
respiration costs remain more or less constant, independent of the accumulated 
biomass and the crop cycle length.    
 
Table 5.17: RPP of the selected land utilisation types, estimated by DAICROS with 
a fixed Amax, and a light extinction coefficient of 0.5 
   RPP (t ha-1) 
crop season sowing date lowlands middle 
altitudes 
highlands 
A 1-Oct-85 1.7 1.9 - groundnut 
B 1-Mar-86 1.8 2.0 - 
A 1-Oct-85 2.0 2.5 - 
B 1-Mar-86 1.9 2.5 - 
C 1-Jul-85 2.1 2.6 - 
B 1-Feb-86 - - 3.0 
common 
bean 
C 1-Jun-85 - - 3.2 
B 1-Jan-86 4.0 4.5 - sorghum 
C 1-Oct-85 - 4.5 - 
A 1-Oct-85 4.6 5.7 - 
B 1-Dec-86 - - 7.3 
maize 
C 1-Jul-85 5.0 5.9 7.1 
A 1-Oct-85 - 8.1 11.8 
B 1-Mar-86 - 8.2 8.6 
potato 
C 1-Jun-85 - 8.9 9.5 
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Simulation 2: DAICROS with k = 0.5 and Amax = temperature dependent 
The simulation has been repeated with a temperature dependent correction of the 
maximum photosynthetic rate as it has been applied in the FAOCROS model. As 
the cultivation of potatoes is restricted to the high altitude areas of Rwanda, the 
local cultivar is supposed to belong to crop group I, with an optimal photosynthetic 
rate around 20 °C. Common bean, however, is cultivated all around, and was 
supposed to belong to crop group II of C3 crops with an optimal photosynthetic rate 
at 35 °C. The same applies to groundnut that is especially important at lower 
altitudes. The cereals were supposed to belong to crop group IV of the C4 crops, 
reaching optimal photosynthetic rates in the temperature range of 20 to 30 °C. The 
crop-group-specific relationships between day temperature and maximum 
photosynthetic rate at light saturation have been illustrated in Fig. 5.9.  
 
 
Fig. 5.9: Average relationship between Amax and day-time temperature for crop 
groups I, II, III and IV (FAO, 1979) 
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The evolution of the curves in Fig 5.9 has been estimated by the following 
polynomial regression equations: 
 
• crop group I:  
5097.81866.30882.000002.0 23max −×+×−×−= tttA  (R
2 = 0.99) 
 
• crop group II:  
781.551806.71588.00008.0 23max −×+×−×= tttA  (R
2 = 1.00) 
 
• crop group III:  
 
if t ≤  25 °C 
83.214507.171129.00056.0 23max −×+×−×−= tttA  (R
2 = 1.00) 
      
      if t > 25 °C and t < 35 °C 
11
2max h OCH kg 56
−−
= hraA      (R2 = 1.00) 
      
      if t ≥ 35 °C 
919.98973.0max +×−= tA      (R
2 = 1.00) 
 
• crop group IV: 
 
if t ≤  21 °C 
032.70t53.4t4793.0t0185.0A 23max −×+×+×−=  (R
2 = 1.00) 
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      if t > 21 °C and t < 29 °C 
11
2max hrah OCH kg 56A
−−
=      (R2 = 1.00) 
      
      if t ≥  29 °C 
42.103t087.5t227.0t0034.0A 23max +×−×+×−=  (R
2 = 1.00) 
 
 
with Amax = maximum photosynthetic rate at light saturation [kg CH2O ha-1h-1] 
 t = day temperature [°C]     
  = 
N
N46
4
tt
t minmaxmean
−
×
π
−
+      
 
and tmax = maximum daily temperature [°C] 
 tmin = minimum daily temperature [°C] 
 N = astronomical daylength [h] 
 
The resulting yields have been summarised in Table 5.18. The estimated maximum 
photosynthetic rate at light saturation of groundnut, dry beans, sorghum and maize 
is higher than the initial value of 20 kg CH2O ha-1 h-1 (C3 crops) or                
40 kg CH2O ha-1 h-1 (C4 crops). Consequently, their yields increased with 0.5 to   
1.1 t ha-1. The maximum photosynthetic rate at light saturation of potato has been 
estimated to be somewhat lower, resulting in slightly decreased yields.  
 
The yield differences over the cropping seasons and the altitudinal regions 
remained unchanged. This small modification of the new model thus resulted in a 
more closely approximation of the yields attained by the FAOCROS model, 
although the high respiration costs still lead to a small underestimation, especially 
for C4 crops. 
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Table 5.18: RPP of the selected land utilisation types, estimated by DAICROS with 
a temperature dependent Amax and a light extinction coefficient of 0.5 
   RPP (t ha-1) 
crop season sowing date lowlands middle 
altitudes 
highlands 
A 1-Oct-85 2.2 2.3 - groundnut 
B 1-Mar-86 2.3 2.4 - 
A 1-Oct-85 2.5 3.0 - 
B 1-Mar-86 2.4 3.0 - 
C 1-Jul-85 2.8 3.3 - 
B 1-Feb-86 - - 3.3 
common 
bean 
C 1-Jun-85 - - 3.7 
B 1-Jan-86 4.6 5.2 - sorghum 
C 1-Oct-85 - 5.2 - 
A 1-Oct-85 5.4 6.6 - 
B 1-Dec-86 - - 8.1 
maize 
C 1-Jul-85 5.9 7.0 8.0 
A 1-Oct-85 - 7.9 11.6 
B 1-Mar-86 - 8.0 8.5 
potato 
C 1-Jun-85 - 8.6 9.3 
 
Simulation 3: DAICROS with k = 0.5 and Amax = temperature dependent and 
reduction of the maintenance respiration requirements 
The relative maintenance respiration rates were supposed to occur at 30 ° C (as in 
the FAOCROS model) instead of 20 °C. In fact, this second adaptation of the 
model consisted in reducing the maintenance respiration rates by 50 %. The results 
are shown in Table 5.19.  
 
The simulated yields of groundnut, sorghum and maize increase considerably, 
attaining or slightly exceeding the yields predicted by the FAOCROS model. The 
increase in yield of dry beans and potato however, leads to a serious overestimation 
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of the RPP. Preference is therefore given to the original calculation procedure of 
the maintenance respiration in the DAICROS model.   
 
Table 5.19: RPP of the selected land utilisation types, estimated by DAICROS with 
a temperature dependent Amax, a light extinction coefficient of 0.5 and 
relative maintenance respiration rates at a standard temperature of    
30 °C 
   RPP (t ha-1) 
crop season sowing date lowlands middle 
altitudes 
highlands 
A 1-Oct-85 3.1 3.1 - groundnut 
B 1-Mar-86 3.1 3.1 - 
A 1-Oct-85 3.3 3.8 - 
B 1-Mar-86 3.1 3.8 - 
C 1-Jul-85 3.8 4.2 - 
B 1-Feb-86 - - 4.2 
common 
bean 
C 1-Jun-85 - - 4.7 
B 1-Jan-86 6.4 6.8 - sorghum 
C 1-Oct-85 - 6.8 - 
A 1-Oct-85 6.9 8.4 - 
B 1-Dec-86 - - 10.6 
maize 
C 1-Jul-85 7.7 9.1 10.7 
A 1-Oct-85 - 9.1 13.1 
B 1-Mar-86 - 9.2 9.5 
potato 
C 1-Jun-85 - 10.1 10.6 
 
Simulation 4: DAICROS with k = 0.6 and Amax = temperature dependent  
An average light extinction in the canopy of 0.5 has been used so far. A maximal 
value for the tropics of 0.6 however, has been mentioned in literature (Begg et al., 
1964; Bonhomme et al., 1982; Muchow et al., 1982). In this simulation procedure 
an optimal light extinction coefficient of 0.6 and a variable maximum 
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photosynthesis rate dependent on the mean day temperature have been used. The 
modelling results have been summarised in Table 5.20.  
 
Table 5.20: RPP of the selected land utilisation types, estimated by DAICROS with 
a temperature dependent Amax and a light extinction coefficient of 0.6 
   RPP (t ha-1) 
crop season sowing date lowlands middle 
altitudes 
highlands 
A 1-Oct-85 2.4 2.5 - groundnut 
B 1-Mar-86 2.4 2.5 - 
A 1-Oct-85 2.7 3.2 - 
B 1-Mar-86 2.5 3.2 - 
C 1-Jul-85 2.9 3.5 - 
B 1-Feb-86 - - 3.4 
common 
bean 
C 1-Jun-85 - - 3.9 
B 1-Jan-86 5.0 5.6 - sorghum 
C 1-Oct-85 - 5.6 - 
A 1-Oct-85 5.8 7.1 - 
B 1-Dec-86 - - 8.6 
maize 
C 1-Jul-85 6.3 7.5 8.7 
A 1-Oct-85 - 8.3 12.1 
B 1-Mar-86 - 8.4 8.9 
potato 
C 1-Jun-85 - 9.0 9.8 
 
With respect to the yield predictions for dry beans, the DAICROS model 
approaches the results of the FAOCROS model very well. Groundnut is clearly 
yielding less according to the DAICROS model because of its higher respiration 
losses and smaller conversion efficiency that have not been taken into account in 
the FAOCROS model. Potato, on the contrary, yields much more because of the 
lower respiration losses and high conversion efficiency of this tuber. The yields of 
the cereals have been underestimated by the DAICROS model compared to the 
results found by the FAOCROS model. The respiration losses might be 
overestimated, referring to the good approximation of the sorghum yields when 
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reducing the respiration losses in the third simulation run. Differences in the other 
crop parameters, such as the leaf area index and light extinction might equally be at 
the origin of the underestimation. Nevertheless, the DAICROS model with a 
temperature dependent maximum photosynthesis rate at light saturation and a light 
extinction coefficient of 0.6 is approaching the results of the FAOCROS model 
well.  
 
The calculation procedure and the behaviour of the most important parameters 
affecting the RPP of common bean, sown near Kigali during the first season of the 
agricultural year 1986, have been illustrated in Annex I.   
5.7. Discussion 
DAICROS is a daily, descriptive crop growth model that doesn’t require many 
experimental or literature data about crop performance. The daily time step is 
favourable when linking the RPP to the WPP. These two hierarchical yield levels 
are separated into different modules, but in reality they act at the same scale, 
influencing the same crop growth process of photosynthesis.  
 
The descriptive character of this model certainly contributes to its educational 
value. Moreover, the outline has been designed to be maximally accessible, so that 
locally gathered crop data can be inserted with ease (i.e. LAI based on satellite 
imagery) or sub-procedures can be changed according to findings of new 
experiments. Finally, in order to be as unambiguous as possible, the assumptions 
and limitations of this model have been summarised again. 
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5.7.1. Assumptions and limitations 
Crop development 
Local data on the total crop cycle length should be available. Literature data can be 
applied in order to find the length of the different crop development stages. The 
length of these stages influences considerably the final crop yield, as these data are 
used to simulate the leaf area index.  
 
Simulation of this leaf area index also requires information about the LAI at 
maximum growth rate, which can be found in literature. The simulation procedure 
itself has been developed theoretically and has not yet been verified by 
experiments.  
 
Photosynthesis only takes place after emergence, although the model starts the 
simulation procedure on the first day of the crop cycle, corresponding to 
germination. Sowing conditions should therefore be optimal, in order to reduce the 
time between germination and emergence. Initiation of the leaf area index and the 
photosynthesis procedure was made possible by estimating the biomass production 
attained at the noon of the first day, neglecting respiration losses.  
Gross photosynthesis 
Simulation of the gross photosynthesis rate is essentially based on estimations 
about the incoming radiation and the daylength. An extinction coefficient of 
radiation through the atmosphere (dust, water particles) of 0.1 has been assumed. 
The sun should be at least 8° above the horizon to allow photosynthesis. Incoming 
radiation on overcast days amounts to 20 % of that on clear days.  
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The photosynthesis light response curve of individual leaves can be described by a 
rectangular hyperbola, with a fixed light use efficiency of 14.0 x 10-9 kg CO2 J-1. A 
closed canopy, represented by a LAI of 5 m2m-2, reflects 8 % of the incoming PAR 
reducing the light use efficiency to 12.9 x 10-9 kg CO2 J-1. A spherical leaf angle 
distribution has been supposed and the light extinction through the canopy has been 
quantified using the equations of Monsi-Saeki, which in fact, are only valid for 
“black” leaves, assuming an extinction coefficient of 0.6.  
 
The maximum photosynthetic rate at light saturation depends on day temperature 
and this during the whole crop cycle long, while in reality the ability for 
photosynthesis is expected to change with crop development and leaf age. On clear 
days, a distinction should be made between sunlit and shaded leaves. Although the 
solar height changes continuously during the day, leading to another pattern of 
sunlit-shaded leaves according to their orientation, an average daily solar height 
has been calculated and used to estimate the fractions of both leaf classes, 
supposing a spherical leaf angle distribution. Further, it has been assumed that     
45 % of the incoming PAR is intercepted by sunlit leaves; the other 55 % is 
intercepted by shaded leaves.  
Respiration 
Although the respiration processes in crops have not yet been quantified 
thoroughly, the model uses different relative maintenance respiration rates and 
conversion efficiencies according to crop composition. These however, are only 
average values for the whole crop, while in reality, the maintenance respiration 
rates will change from organ to organ and from day to day, being very probably not 
only dependent on temperature affecting the behaviour of enzymes.  At the end of 
the crop cycle, the maintenance respiration costs regularly exceed gross 
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photosynthesis. In that case, reserves are not allowed to fill the gap, but instead the 
net assimilation rate has been set to 0 kg CH2O ha-1d-1. 
Economical yield 
Only a fraction of the total crop biomass will be harvested for consumption or sale. 
A fixed harvest index has been applied. Nevertheless it should be kept in mind that 
the economical fraction (at the radiation-thermal production situation) also depends 
on management practices. Finally, the RPP is expressed in kg dry matter (grains, 
tubers, fruits, or leaves, depending on the economical part of the crop) per hectare. 
When comparing this to real world yields, the water content of the harvested part 
should be taken into account. 
5.7.2. Yield prediction 
Comparison of the RPP with literature data on the production of these crops under 
optimal growing conditions, reported by Sys et al. (1993) and MINAGRI (2003) 
was possible after conversion of the dry matter production into food products, 
using the conversion factors of the FAO food balance sheets. The results have been 
summarised in Table 5.21. It is clear that the simulated RPP for groundnut, 
sorghum, maize and potato corresponds very well with the good commercial yield 
attained under irrigation, reported by Sys et al. (1993), while the RPP of common 
bean is slightly higher. With respect to the yields attained under controlled 
conditions in Rwanda, the RPP is clearly overestimated, except for the yield range 
of potato. The difference might be due to a sub-optimal water supply as these crops 
are generally not irrigated in Rwanda. The absence of water stress in the high 
altitude regions where potato is cultivated further explains the good match between 
the modelled and the reported values.   
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Table 5.21: RPP, estimated by DAICROS and optimal production data reported by 
Sys et al. (1993) and MINAGRI (2003) 
crop conversiona yield (t ha-1 of food product)b 
 (FP/DM) DAICROS GCYI YCC 
groundnut x 1.54 3.4 – 3.7 3.5 – 4.5 1.5 
common bean x 1.00 2.4 – 3.7 1.5 – 2.5 2.0 
sorghum x 1.00 4.6 – 5.2 3.5 – 5.0 3.0 – 4.0 
maize x 1.00 5.4 – 8.1 6.0 – 9.0 3.5 
potato x 3.33 26.6 – 38.6 25.0 – 35.0 25.0 – 30.0 
a conversion factor from dry matter to food product: unshelled dry groundnuts, dry beans, 
dry sorghum and maize grains, and fresh potatoes 
b DAICROS = daily crop simulation model; GCYI = good commercial yield under irrigation, 
reported by Sys et al. (1993); YCC = yield under controlled conditions (fertility, diseases), 
reported by MINAGRI (2003) 
 
5.7.3. Conclusion 
Application of this DAICROS model to estimate the RPP of different crops grown 
in Rwanda will thus provide sufficiently accurate results regarding its educational 
value as well as its predictive power. The simplifications and assumptions 
formulated above should however always be taken into account.  
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CHAPTER 6. WATER-LIMITED PRODUCTION POTENTIAL 
6.1. Introduction 
The water–limited production potential (WPP) is the maximum attainable 
production of a crop that is optimally supplied with nutrients and grown in absence 
of pests and diseases. At this second level of the crop growth model, the impact of 
water availability on crop growth and yield is assessed.  
 
The soil water balance reported by Tang et al. (1992) and currently applied at the 
Laboratory of Soil Science (Ghent University) is only valid for freely draining 
soils. It further showed important limitations when applied during periods of erratic 
rainfall (Verdoodt, 1999). Additionally, a refining of the balance up to a daily time 
scale, corresponding to the temporal scale of the RPP model and in accordance 
with the Rwandan climatic and edaphic variability, was highly recommended. 
Design of a reasonably accurate and simple water balance required a good 
knowledge of water movement, both in soil and plants, and of the possibilities to 
translate these physical laws into an engineering issue. This latter task was 
accomplished by studying existing models at different scales. The water balances 
in EPIC (Sharpley and Williams, 1990), WAVES (Zhang and Dawes, 1998) and 
SWAP (van Dam et al., 1997) are all physically based, by solving the Richards 
equation in order to simulate the transport of water in the soil. They require a 
whole range of input parameters, including soil properties governing water flow 
through homogenous or heterogeneous profiles. The Van Genuchten model (1980) 
is used to describe the relation between water content, hydraulic pressure, and 
hydraulic conductivity. Missing soil data related to water retention are estimated 
through the use of pedotransfer functions. In WOFOST (Supit et al., 1994), 
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simulation of the capillary rise above a groundwater table requires a detailed 
analysis of the soil hydraulic properties. Consequently, the water content at 
saturation, field capacity, and wilting point, and the hydraulic conductivity of the 
homogenous soil profile have to be entered by the user. 
 
This chapter describes and illustrates the development of a new simulation model 
for estimating the water balance of the soil and its impact on crop production and 
yield, using the climatic and edaphic data that are currently available in Rwanda 
(Fig. 6.1). 
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6.2. Soil-plant-atmosphere continuum 
6.2.1. Electrical analog 
The previous chapter described the growth of plants through photosynthesis. The 
CO2 required for this process has to be obtained from the atmosphere through 
stomata on the leaf surfaces. An inevitable consequence of stomatal uptake of CO2 
is that water is lost through the same apertures. The water vapour pressure in the 
plant stomata is higher than that of the atmosphere. Consequently, this 
unquenchably thirsty atmosphere sucks water from the crop. This process is 
referred to as transpiration. The crop however, needs water to maintain its cell 
turgor and to transport essential nutrients and other solutes. The water lost through 
the stomata thus needs to be replenished by the uptake of soil water through the 
root system. The water flow through this soil–plant–atmosphere continuum has 
often been described by an electrical analog (Fig. 6.2).  
 
The driving force to water movement is a difference in water potential. Water 
moves from places where it has a high potential energy, to places of low potential 
energy. The flow path includes water movement in the soil towards the roots, 
adsorption of the soil water into the roots, and its transport from the roots through 
the stems towards the leaves. In the intercellular air spaces of the leaves the water 
is evaporated and the vapour diffuses through stomatal cavities and openings and 
through the air layer in contact with the leaves towards the turbulent boundary 
layer. Finally, the water vapour is transported into the external atmosphere. The 
resistance exerted by each element of the flow path limits the flow rate of water 
and vapour through each element. The resistance of the soil to water movement 
depends on the soil moisture content and the root system distribution.  
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Fig. 6.2: Electrical analog of the liquid water and vapour flow through the soil–
plant–atmosphere continuum (Feddes et al., 1997) 
 
The crop can actively limit the water flow through an increase in the root resistance 
or by closing its stomata. Water uptake by roots for instance is strongly limited in 
cases of oxygen shortage or temperature constraints. Closing of the stomata 
prevents excessive water losses through transpiration. As such there is a functional 
link between the amount of water lost through transpiration and the amount of CO2 
absorbed for photosynthesis. A reduction of the transpiration rate limits the gross 
biomass production and thus limits crop growth. 
Chapter 6   
 
214   
6.2.2. Water balance 
To grow successfully, the plant must achieve a water economy so that the demand 
made upon it is balanced by the supply available to it. The problem is that the 
evaporative demand of the atmosphere is almost continuous, whereas the supply of 
water through rainfall occurs only occasionally. To survive dry spells between the 
rains, the crop must rely upon the reserves of water contained in the soil. The 
actual transpiration rate and the actual growth rate will thus be governed by the 
amount of soil water that is available to the crop roots.  
 
This interaction between meteorological, edaphic and crop specific factors is 
described at the second level of the crop growth simulation model, the WPP, 
through the elaboration of a daily water balance. The cyclic movement of water in 
the field begins with its entry into the soil by the process of infiltration, continues 
with its temporary storage in the rooting zone, and ends with its removal from the 
soil by drainage, evaporation, or plant uptake. This cycle consists of a number of 
fairly different stages or processes that may occur simultaneously and 
interdependently (Hillel, 1971). An overview of the main processes influencing the 
soil water balance is given in Fig. 6.3.  
 
Through the analysis of existing models, several procedures simulating the 
processes acting on the water balance have been viewed. The final choice between 
different techniques was mainly governed by two questions:   
 
What is the transport model used?  
How to estimate the soil hydraulic properties?  
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Fig. 6.3: Components of the water balance 
 
In the case of soil water movement and storage, there are at least three approaches 
to model the basic processes (Mobbs et al., 1999): 
• Tipping bucket model 
The simplest model is the tipping bucket model in which water in excess of the 
water content at field capacity simply moves down to the next layer provided there 
is room for it. This model requires only two parameters: the water content at field 
capacity and at saturation. It is, however, likely to underestimate the water flow in 
depth.  
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• Brooks and Corey model 
Brooks and Corey assumed that water movement is governed by Darcy’s law:  
 
dz
dk
dt
d ψ
×=
θ  
 
According to this law, the driving force for water movement is the difference in 
hydraulic potential ψ. The flow rate is also proportional to the hydraulic 
conductivity k of the soil. They further assumed that the relation between soil 
moisture content, matric potential and hydraulic conductivity can be approached 
by: 
 
( )
λ
ψ
ψθθθθ 



×−+= srsr  
λ
ψ
ψ 32+




×= sskk  
 
with θ  = actual volumetric moisture content [cm³ cm-³] 
 θr  = residual volumetric moisture content [cm³ cm-³] 
 θs  = saturated volumetric moisture content [cm³ cm-³] 
 ψ  = actual matric potential [cm] 
 ψs  = air entry value [cm] 
 λ  = shape parameter ~pore size [-] 
 ks  = saturated hydraulic conductivity [cm d-1] 
 
The shape parameter λ has to be determined by curve fitting of measured water 
retention data relating θ to ψ.  
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• Van Genuchten model 
Also the Van Genuchten model is based on Darcy’s law of water movement. The 
empirical Van Genuchten equation for the soil – water retention curve reads: 
 
( ) ( ) mnrsr −×+×−+= ψαθθθθ 1  
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with θ  = actual volumetric moisture content [cm³ cm-³] 
 θr  = residual volumetric moisture content [cm³ cm-³] 
 θs  = saturated volumetric moisture content [cm³ cm-³] 
 ψ  = actual matric potential [cm] 
 λ  = shape parameter [-] 
n  = shape parameter [-] 
m  = 1-1/n [-] 
= shape parameter, approximately equal to the reciprocal of the  
         air-entry value [cm-1] 
 
Again, ideally, the shape parameters should be obtained by curve-fitting the 
relevant equations to extensive ψ-θ and k-θ datasets. However, in practice, such 
information is rarely available and the parameters have to be derived by indirect 
means using pedotransfer functions (PTFs). These are generally empirical 
relationships that allow the hydraulic properties of a soil to be predicted from more 
widely available data, usually texture, bulk density and organic carbon content, or 
from the textural class alone.  
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Pedotransfer functions 
Many PTFs have been developed using extensive databases of soil data from 
temperate regions. However, as they are empirical, these PTFs may give erroneous 
predictions when used outside the range of soils from which data they were 
derived. Especially Histosols, Ferralsols, Andosols, and Vertisols, which are all 
soils that are frequently occurring in Rwanda, have unique soil properties which 
may prevent accurate estimates of hydraulic properties from PTFs. Histosols, with 
their very high organic matter content are typically excluded from the derivation of 
PTFs. The water storage in Andosols and Vertisols is generally higher than 
predicted based on their texture. Ferralsols generally have high clay contents, 
implying, from a temperate soils’ viewpoint, that they have a low permeability and 
a moderate to high available water capacity. In fact, many have a low bulk density, 
are highly permeable because of their micro-aggregated structure, and have a low 
amount of available water. Wösten et al. (1995) wrote that the PTFs cannot exist 
without field sampling and lab analyses as only direct measurements create the 
database from which the PTFs are derived. This is a strong argument for the 
development of more physically based methods, rather than empirical methods to 
derive soil hydraulic properties on a large scale. Another challenge consists of 
taking into account both structure and soil mineralogy as they can have a 
significant effect on soil water retention (Batjes, 1996, Hodnett and Tomasella, 
2002). The application of currently available PTFs for the estimation of several 
hydraulic soil properties was not believed to give satisfactory results when applied 
to the Rwandan soil database. Not one set of PTFs could be applied to describe the 
soil water retention characteristics of this enormously diverse database including 
soils belonging to very different soil orders. Moreover, generally only two points of 
the soil moisture retention curve were actually measured. This lack of data 
restricted the possibilities to fit the numerically described soil moisture retention 
functions or to derive new PTFs.    
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Excluding the use of PTFs in tropical Rwanda to predict soil behaviour regarding 
water movement strongly limited the modelling choices. Where soil moisture 
content at field capacity was available, and the saturated water content could be 
estimated from soil porosity, bulk density and particle density, simulation of the 
water movement was performed following a tipping bucket approach. As such, 
daily simulation of the water balance in the soil-plant-atmosphere continuum made 
up the core of the second stage in the crop growth model.    
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6.3. Components of the water balance 
Once the modelling approach to water movement in the soil was selected, the 
different processes within the water balance, and the soil control volumes affected 
by these processes were described.  
6.3.1. Soil compartments 
In the model reported by Tang et al. (1992), attention is paid only to that part of the 
soil profile that is exploited by roots. While, in the beginning of the crop cycle, this 
only refers to the upper decimeters of the soil, it extends to one meter or more at 
the end of the vegetative development. The soil hydraulic properties of this 
compartment are averaged at each time step, being a decade. In a freely draining 
soil that is well supplied with water, this doesn’t pose any problems. However, 
when rainfall is erratic, often only the upper part of the soil profile is moistened. 
Root water uptake is concentrated in these upper layers. Consequently, averaging 
the water content over the whole rooting depth strongly underestimates the water 
availability. On the other hand, the upper soil layer is also subjected to water loss 
through evaporation. Once the water content of the soil surface drops, the 
evaporation rate is reduced considerably, thereby preventing further evaporation 
losses and the drying of the subsoil. This effect is frequently referred to as the 
mulching effect of the soil.  
 
In contrast to the DEcadal SIngle-soil layer WAter Balance described by Tang et 
al. (1992) and further referred to as DESIWAB, a new approach was developed by 
using a daily time-step and by dividing the soil profile into a number of discrete 
layers. Next to the ability to evaluate the movement of water in a much more 
refined way, it further allows easy updating of the model when sufficient hydraulic 
data become available in order to simulate water movement through differences in 
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hydraulic potential between the soil layers. In order to facilitate referring to this 
modified modelling approach, the model has been referred to as DAMUWAB, a 
DAily MUlti-layered WAter Balance.  
 
The question arose on determining the depth of the different soil compartments. 
Regarding the enormous impact of the soil hydraulic characteristics of the upper 
soil surface on water infiltration and evaporation, it was found reasonable to use 
narrower layers near the surface. Evett and Lascano (1993) suggested that a surface 
layer as narrow as 2 mm might be needed for accurate simulation of evaporation. 
In view of respecting the equilibrium between the spatial and temporal resolution, 
rainfall event data indicating the rainfall intensity is required for an equally 
accurate simulation of the infiltration process. Narrow surface layers also require 
significantly more computation during rainfall events. Preferring a limited 
computational complexity and taking into account the availability of daily input 
data, the soil profile was subdivided into compartments of 0.10 m up to the first 
meter, up to the maximum soil depth, or up to a groundwater table, whatever was 
deeper. Below this depth, the discretion of the soil into its different horizons noted 
during the profile description was respected. The maximum soil depth taken into 
account was limited by the presence of a hard rock, a water table, or the lower end 
of the deepest horizon that had been described, with a maximum depth of 2 m.  
6.3.2. Processes 
The evaporation process was limited to take place in the upper soil compartment. 
Water losses due to transpiration were allowed to occur over the actual rooting 
depth. Other processes taken into account were infiltration, surface storage, surface 
run-off, soil water storage, percolation, and capillary rise from a groundwater table 
(Fig. 6.4). 
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Fig. 6.4: Components and design of DAMUWAB 
 
Incoming and outgoing water amounts were compared daily and the soil water 
reserve was redistributed according to a tipping-bucket type of water flow model. 
A clear distinction was made between topsoil and subsoil and also between a 
system with free drainage and one with a groundwater table.  
Freely draining soil 
The processes possibly affecting the water status of the upper soil layer are 
evaporation, transpiration, percolation and infiltration. The evaporation and 
transpiration rates have been quantified based on the soil moisture content in the 
beginning of the day. Subtracting the amount of evaporated and transpired water 
from the initial water content of the topsoil resulted in the calculation of the 
preliminary soil moisture content of the soil layer. If this soil moisture content 
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exceeded field capacity, the excess amount of water percolated towards the next 
soil-layer at a rate limited by the maximum uptake capacity of this underlying 
layer. The preliminary water content of the topsoil was estimated again. In the late 
afternoon, after quantifying the amount of infiltrated rainfall, the final soil moisture 
content at the end of the day was calculated. 
 
In the subsoil layers, water was lost through transpiration if the soil layer was 
within the rooting depth. Consequently, at each moment in the simulation run, one 
had to keep track of the root extension in order to identify those soil layers that 
were subjected to transpiration losses. The preliminary moisture content was 
calculated by taking into account these transpiration losses together with water 
losses through percolation towards the subsoil. In the late afternoon, percolating 
water from the overlying soil layer replenished the soil moisture reserve. Inputs 
minus outputs again defined the soil moisture content of the corresponding soil 
layer at the end of the day.  
 
As such, the modeller determined the sequence of processes taking place. The 
implicit assumption behind this modelling sequence is that evaporation, 
transpiration and percolation are the dominant processes during the first part of the 
day. The rainfall events arrive only in the late afternoon. During the night, little 
changes in the soil moisture content were assumed. The soil moisture content at the 
end of the day thus equalled the soil moisture content at the beginning of the next 
day.  
Groundwater table influencing the water status of the root zone 
The sequence of processes affecting the water balance was largely the same as in 
the freely draining soil, except for the contribution of the water table to evaporation 
and transpiration through capillary rise. The water table itself was kept at a 
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constant depth, neglecting the water supply through percolation and the water 
consumption by the transpiring crop. 
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6.4. Evapotranspiration 
6.4.1. Selection of the calculation procedure 
Evapotranspiration covers both transpiration of the plants and evaporation of the 
soil or ponding water. Various methods for determining evapotranspiration have 
been proposed. Monteith derived an equation that describes the evapotranspiration 
from a dry, extensive, horizontally–uniform, vegetated surface (Monteith, 1965). 
Recent comparative studies have shown the supreme performance of the Penman–
Monteith approach under varying climatic conditions. An expert consultation 
agreed to recommend the Penman–Monteith equation as currently the best 
performing equation for estimating the reference evapotranspiration. Through the 
introduction of a canopy and air resistance to water vapour diffusion (~ electrical 
analog), Monteith could estimate the maximum crop evapotranspiration in a one–
step approach. However, very frequently, the necessary crop data are missing, and 
a two–step approach is followed. In that case, the maximum crop 
evapotranspiration is related to the reference evapotranspiration by an 
experimentally derived crop coefficient. Allen et al. (1998) introduced the dual 
crop coefficient in order to separate the transpiration of the crop from the 
evaporation from the soil surface. Both maximum and actual rates can be estimated 
through the use of reduction factors related to soil wetness, water stress, oxygen 
stress and salinity. Also the influence of mulching or other management options on 
evaporation and transpiration have been incorporated. Because of its important 
options for fine-tuning of the evaporative environment, the Penman–Monteith 
equation was preferred over the method proposed by Ritchie, estimating 
evaporation and transpiration as a function of the LAI or crop cover (Ritchie, 1972, 
Supit et al., 1994, van Dam et al., 1997).  
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6.4.2. Reference evapotranspiration 
The Penman–Monteith equation for the estimation of the evapotranspiration is 
composed of a radiation term and an aerodynamic term: 
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with λ  = latent heat for water vaporization [MJ kg-1] 
 ET  = daily evapotranspiration [mm] 
 δ  = slope of the vapour pressure curve [kPa °C-1] 
 τ  = psychometric constant [kPa °C-1] 
 rs  = bulk surface resistance [s m-1] 
 ra  = aerodynamic resistance  [s m-1] 
 Rn  = daily net radiation [MJ m-2] 
 G  = daily soil heat flux [MJ m-2] 
 ρa  = mean air density at constant pressure [kg m-3] 
 cp  = specific heat at constant pressure [MJ kg-1 °C-1] 
 es  = saturated vapour pressure [kPa] 
 ea  = actual vapour pressure [kPa] 
 
To obviate the need to define unique evapotranspiration parameters for each crop 
and stage of growth, the concept of a reference surface was introduced. Penman–
Monteith thus calculated the evapotranspiration from a hypothetical reference crop 
with an assumed crop height of 0.12 m, a fixed surface resistance of 70 s m-1 and 
an albedo of 0.23. Inserting these values into the formulae for the aerodynamic and 
surface resistance, and by considering the ideal gas law, the equation was 
simplified to: 
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with ET0  = daily reference evapotranspiration [mm] 
 δ  = slope of the vapour pressure curve [kPa °C-1] 
 τ  = psychometric constant [kPa °C-1] 
τ∗  = modified psychometric constant [kPa °C-1] 
  = τ x (1+0.34 x u2) 
λ  = latent heat for water vaporization [MJ kg-1] 
Rn  = daily net radiation [MJ m-2] 
 G  = daily soil heat flux [MJ m-2] 
es  = saturated vapour pressure [kPa] 
 ea  = actual vapour pressure [kPa] 
 T  = mean daily air temperature at 2 m height [°C] 
 u2  = wind speed at 2 m height [m s-1] 
 
In Rwanda, some of these climatic parameters had been readily measured, 
however, most of them have been calculated.  
Latent heat of vaporisation λ  
The energy required to change a unit mass of water from liquid to water vapour is a 
function of temperature. However, as λ varies only slightly over the normal 
temperature range, a constant value of 2.45 MJ kg-1 has been assumed. 
Psychometric constant τ 
The psychometric constant is given by: 
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with τ  = psychometric constant [kPa °C-1] 
cp  = specific heat at constant pressure ~1.013 x 10-3 [MJ kg-1 °C-1] 
λ  = latent heat for water vaporization ~ 2.45 [MJ kg-1] 
 ε  = ratio molecular weight of water vapour to dry air ~ 0.622 [-] 
 P  = atmospheric pressure [kPa] 
 
At high altitudes, evaporation is promoted due to low atmospheric pressure. The 
effect is, however, small and in the calculation procedures, an average value for a 
location is sufficient. A simplification of the ideal gas law, assuming 20 °C for a 
standard atmosphere has been used to estimate P: 
 
26.5
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z0065.02933.101P 
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 ×−
×=  
 
with P  = atmospheric pressure [kPa] 
z  = elevation above sea level [m] 
Air humidity 
The water content of the air can be expressed in several ways. In this case, relative 
humidity data were available, while vapour pressure data were required to solve the 
equation. The relative humidity expresses the degree of saturation of the air as a 
ratio of the actual vapour pressure to the saturated vapour pressure at the same 
temperature: 
100
e
e
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s
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• Saturated vapour pressure 
As the saturated vapour pressure is related to air temperature, it has been calculated 
from it. The relationship is given by: 
 

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
+
×
×=
3.237T
T27.17exp6108.0)T(es  
 
with es(T)  = saturated vapour pressure at the air temperature T [kPa] 
 
Due to the non–linearity of this relation, the mean saturated vapour pressure has to 
be calculated as the mean between the saturated vapour pressure at the mean daily 
maximum and minimum temperatures.  
• Actual vapour pressure 
The relationship between vapour pressure and relative humidity further offered the 
opportunity to calculate the mean actual vapour pressure from the estimated vapour 
pressure at noon and during the morning: 
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with ea  = actual vapour pressure [kPa] 
 Tmin  = daily minimum temperature [°C] 
 Tmax  = daily maximum temperature [°C] 
 RHmax  = maximum relative humidity [%] 
 RHmin  = minimum relative humidity [%] 
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Radiation 
• Solar radiation on clear days Rso 
The solar radiation on clear days had already been calculated when estimating the 
radiation-thermal production potential, according to a range of formulae stated by 
Goudriaan and van Laar (1978): 
N
sinint
1.0
so esinint1280R
β−
×β×=  
 
with Rso  = solar radiation on clear days [J m-2 d-1] 
 intsinβ = integral of the solar height over the day [s d-1] 
 N  = daylength [s d-1] 
 0.1  = extinction of radiation in a very clear atmosphere  [-] 
 
The average daily solar declination has been estimated by: 
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with d  = solar declination [rad] 
 day  = number of the day in the year [-] 
 
The integral of the solar height over the day is a function of this average daily solar 
declination, but is also affected by the latitude and the daylength: 
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with intsinβ = integral of the solar height over the day [s d-1] 
 N  = daylength [s d-1] 
 γ  = latitude [rad] 
 δ  = solar declination [rad] 
 
Also daylength changes with the latitude and solar declination: 
 
π
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with N  = daylength [s d-1] 
 γ  = latitude [rad] 
 δ  = solar declination [rad] 
 tanγ ×  tanδ is restricted to the range from –1 to 1 
• Solar radiation Rs 
The solar radiation is usually calculated by the Angstrom equation. This linear 
regression equation relates the solar radiation at a particular time and place to the 
clear day solar radiation and the ratio of actual sunshine to daylength: 
 
sosss RN
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with Rs  = solar radiation [MJ m-2 d-1] 
 Rso  = solar radiation on clear days [MJ m-2 d-1] 
 n  = actual sunshine duration [h] 
 N  = daylength [h] 
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 as  = fraction of the clear day solar radiation reaching the earth on  
   totally overcast days [-] 
 bs  = 1 - as [-] 
 
The fraction of the clear day solar radiation received on totally overcast days as has 
been set to 0.20. Consequently, bs equals 0.80.  
 
A fraction of this solar radiation is reflected by the crop surface. The reference 
crop, defined by Penman–Monteith, has an albedo of 0.23. Thus, 
 
( ) sns R23.01R ×−=  
 
with Rns  = net incoming short-wave radiation [MJ m-2 d-1] 
 Rs  = solar radiation [MJ m-2 d-1] 
• Net outgoing long-wave radiation 
The rate of long-wave energy emission from the earth’s surface is proportional to 
the absolute temperature of the surface. This relationship has been expressed 
through the Stefan-Boltzmann equation. Even though clouds, water vapour, and 
dust in the sky absorb and emit some long-wave radiation, the net flux is outgoing 
and energy is lost. The most important parameters determining the magnitude of 
net outgoing long-wave radiation consequently are surface temperature, cloudiness 
and humidity. The other factors, such as dust and carbon dioxide are assumed to be 
constant: 
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with Rnl  = net outgoing long-wave radiation [MJ m-2 d-1] 
 σ  = Stefan-Boltmann constant [MJ K-4 m-2 d-1] 
 Tmax,K  = daily maximum absolute temperature [°K] 
 Tmin,K  = daily minimum absolute temperature [°K] 
 ea  = actual vapour pressure [kPa] 
 Rs  = solar radiation [MJ m-2 d-1] 
 Rso  = solar radiation on clear days [MJ m-2 d-1] 
• Net radiation 
The net radiation is the difference between the incoming net short-wave radiation 
and the outgoing net long-wave radiation.  
 
nlnsn RRR −=  
• Soil heat flux 
The magnitude of the daily soil heat flux beneath a grass reference surface is 
relatively small compared to the net radiation and can be ignored. 
6.4.3. Maximum transpiration 
In order to quantify separately the evaporation from the soil surface and the 
transpiration from the crop, the dual crop coefficient approach described by Allen 
et al. (1998) has been followed. As such, the maximum crop transpiration was 
given by: 
0cbm ETKT ×=  
 
with Tm  = maximum daily transpiration [mm] 
 Kcb  = basal crop coefficient [-] 
 ET0  = daily reference evapotranspiration [mm] 
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The basal crop coefficient has been defined as the ratio of the crop 
evapotranspiration over the reference evapotranspiration when the soil surface is 
dry, but transpiration is occurring at a potential rate, as water is not limiting 
transpiration. Consequently, Tm primarily represents the transpiration component of 
the crop evapotranspiration.   
 
The Kcb values have been derived from the Kc values used in the single crop 
coefficient approach based on differences in ground cover, irrigation and cultural 
practices. Tabulated values were available for the initial and mid-season stage, and 
at harvest for several crops grown in a sub-humid climate, characterised by a 
minimum relative humidity of 45 % and a moderate wind speed of about 2 m s-1 
(Table 6.1).  
 
Table 6.1: Basal crop coefficient and maximum crop height of some crops (Allen et 
al., 1998) 
crop basal crop coefficient (-) crop height 
 initiation mid-season harvest (m) 
common bean (dry) 0.15 1.10 0.25 0.40 
groundnut 0.15 1.10 0.50 0.40 
maize (grain) 0.15 1.15 0.50 2.00 
sorghum (grain) 0.15 0.95 0.35 2.00 
potato 0.15 1.10 0.65 0.60 
 
For a specific adjustment of Kcb during the mid– or late–season stage for other 
climatic conditions, the following equation has been used: 
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with Kcb(tab)  = tabulated value for the basal crop coefficient [-] 
 u2  = mean wind speed measured at 2 m height [m s-1] 
 RHmin  = mean minimum relative humidity [%] 
 h  = maximum plant height [m] 
 
The maximum plant height at the end of vegetative growth has equally been 
tabulated. However, if local values of crop height and basal crop coefficient 
become available, they can improve the simulation results.  
 
Daily values of the basal crop coefficient during the crop development and late 
season stage have been estimated by interpolation between the corrected tabulated 
coefficients of the other development stages. Fig. 6.5 illustrates the basal crop 
coefficient curve for common bean.   
 
Fig. 6.5: Basal crop coefficient curve for common bean (Allen et al., 1998) 
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6.4.4. Maximum evaporation 
The soil evaporation coefficient Ke describes the evaporation component of the 
crop evapotranspiration (Allen et al., 1998). When the topsoil is wet, the 
evaporation rate is maximal. However, the total evapotranspiration rate is limited 
by the energy that is available at the soil surface. Consequently, the sum of the 
basal crop coefficient Kcb and the soil evaporation coefficient Ke can never exceed 
a maximum value, Kc,max. This latter parameter represents an upper limit to the 
evaporation and transpiration from any cropped surface and is imposed to reflect 
the natural constraints placed on available energy. It ranges from about 1.05 to 1.30 
when using the grass reference surface ET0: 
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with Kc,max  = maximum value of the crop coefficient Kc following rain or  
   irrigation [-] 
 u2  = mean wind speed measured at 2 m height [m s-1] 
RHmin  = mean minimum relative humidity [%] 
 h  = mean plant height [m] 
 Kcb  = basal crop coefficient [-] 
 
This equation ensures that the maximum crop coefficient is at least Kcb + 0.05, 
suggesting evaporation from the wet soil, even during periods of full ground cover. 
The factor 1.2 instead of 1.0 reflects the impact of the reduced albedo of wet soil, 
the contribution of heat stored in dry soil prior to the wetting event, and the 
increased aerodynamic roughness of surrounding crops. All these factors can 
contribute to increased evaporation relative to the reference. The 1.2 coefficient 
represents effects of wetting intervals that are greater than 3 or 4 days. If irrigation 
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or precipitation events are more frequent, then the soil has less opportunity to 
absorb heat between wetting events, and the coefficient can be reduced to 1.1.  
 
In crops with incomplete ground cover, evaporation from the soil often does not 
occur uniformly over the entire surface, but is greater between plants where 
exposure to sunlight occurs and where more air ventilation is able to transport 
vapour from the soil surface to above the canopy. In rainfed cultures, the fraction 
of the soil surface from which most evaporation occurs corresponds to the fraction 
of the soil not covered by vegetation: 
 
cew f1f −=  
 
with few  = fraction of the soil that is both exposed and wetted [-] 
 fc  = fraction of the soil covered by the crop [-] 
 
The crop cover can be estimated as a function of the LAI, using a similar approach 
as presented for the estimation of the intercepted radiation: 
 
LAI6.0
c e1f
×−
−=  
  
with fc  = fraction of the soil covered by the crop [-] 
 LAI  = leaf area index [-] 
 
Again, it can be remarked that in reality the LAI, and also the crop cover fraction 
largely depend on the planting density.  
 
Taking into consideration both boundary conditions, the evaporation coefficient 
was calculated by: 
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with Kc,max  = maximum value of the crop coefficient Kc following rain or 
        irrigation [-] 
 Kcb  = basal crop coefficient [-] 
 few  = fraction of the soil that is both exposed and wetted [-] 
 
And the maximum evaporation was thus given by: 
 
0em ETKE ×=  
 
with Em  = maximum daily evaporation from the soil surface [mm] 
 Ke  = evaporation coefficient [-] 
 ET0  = daily reference evapotranspiration [mm]  
6.4.5. Maximum evapotranspiration 
According to the dual crop coefficient approach, the maximum crop 
evapotranspiration was given by: 
 
( ) 0cbemmm ETKKTEET ×+=+=  
 
with ETm  = maximum daily crop evapotranspiration [mm] 
 Tm  = maximum daily transpiration [mm] 
Em  = maximum daily evaporation [mm] 
Ke  = evaporation coefficient [-] 
= min(Kc,max - Kcb, few ×  Kc,max) 
Kcb  = basal crop coefficient [-] 
ET0  = daily reference evapotranspiration [mm] 
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6.4.6. Rooting depth 
The actual amount of water that was transpired depended on the rooting depth, the 
uptake capacity of the roots and the availability of water in the different soil 
compartments. Simulation of the rooting depth has been based on the following 
assumptions concerning root restricting depth, root growth rate and evolution of the 
root water uptake capacity. 
Root restricting depth 
According to the Soil Survey Division Staff (1993), the root restricting depth is 
where root penetration would be strongly inhibited because of physical and 
chemical soil properties. Restriction means the incapability to support more than a 
few fine or very fine roots if the depth from the soil surface and the soil water 
status are not limiting. Rooting depth observations preferably should be used to 
evaluate this root restricting depth. However, often there are no roots that extend to 
the depth of concern, or a strongly different land use is opted than that which is 
currently on the field. In that case, inferences should be made from morphological, 
physical, and chemical analyses.  
 
The soil surveyors in Rwanda, on the other hand, defined the effective soil depth, 
as that part of the soil that has less than 35 vol% stones and that is located above a 
lithic or paralithic contact (Birasa et al., 1990). In this definition, the severe 
restriction to stoniness is remarkable. In reality, root development will not end 
abruptly when a threshold value of stoniness is exceeded. The root density 
however, will clearly decrease, although several finer roots can penetrate the soil 
matrix or cracks in between the cemented or hardened soil layers. Hindrance to 
root penetration can also be identified when evaluating the bulk density. Horizons 
characterised by bulk densities exceeding 1,600 kg m-³ in silty or clayey soils, and 
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over 1,750 kg m-³ in sandy soils, are difficult to penetrate, although very fine roots 
often succeed in exploiting part of it (de Geus, 1973).   
 
Finally, the following physical properties have been considered as root restricting: 
 
− lithic, paralithic, or petroferric contact; 
− high stoniness, over 35 vol%; 
− continuously cemented horizon; 
− horizon > 0.10 m thick that has the following combination of consistence and 
structure: very firm or extremely firm and a massive, or platy structure, or that 
has a weakly developed structure of any type;  
− groundwater table and nearly saturated capillary fringe; and 
− horizon with a water content below wilting point. 
 
The influence of soil salinity on root development has been recognized, however, 
as saline soils are rarely found in Rwanda, it has not been accounted for. Finally, 
also chemical soil characteristics can enormously affect the development and 
performance of the roots. However, at this level of the crop growth model, 
chemical soil properties have been considered as optimal. 
Root development rate 
The full development of the root system takes from emergence until the end of crop 
development. At that moment, the roots extend up to the maximum rooting depth, 
reported in literature. The rooting depth thus increased daily at a rate given by the 
ratio of the maximum rooting depth to the number of days up to the end of crop 
development: 
t
RD
RD maxr =  
 Water-Limited Production Potential           
 
 241 
with RDr  = root development rate [m d-1] 
 RDmax  = maximum rooting depth [m] 
 t  = duration of the initial and crop development stage [d] 
 
Consequently, the model only takes into account the vertical extension of roots. In 
reality, the density of roots will also vary considerably.  
Actual rooting depth 
Root growth proceeded at the rate calculated before. However, if a root restricting 
layer was reached, root growth stopped. If the root restriction held only temporarily 
(decreasing water table, moistening of very dry soil) root growth restarted, up to 
the end of the crop development stage. If the root restricting layer had a permanent 
character (hard rock, cementation), then the roots never reached the maximum 
rooting depth and the water uptake capacity of the crop was reduced. 
Root uptake capacity for water 
Generally, most roots that are active in water and nutrient uptake processes, are 
concentrated in the upper 0.30 m. Large differences however, occur depending on 
the crop (deep rooting, shallow rooting, tap roots), the water and nutrient 
availability, and the physical and chemical soil properties that might restrict root 
development. Because of the lack of data regarding the root density distribution of 
the different crops, this parameter has not been taken into account. Instead, another 
approach was followed based on a root water uptake model reported by Feddes et 
al. (1997) and describing the water extraction of roots by a semi-empirical formula: 
 
 
maxS)h(S ×= α  
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with α(h)  = dimensionless prescribed function of the pressure head [-] 
 Smax  = maximal possible daily water extraction by roots [mm] 
 
Assuming a homogeneous root distribution over the soil profile, the maxS can be 
quantified as 
root
m
max z
T
S =  
 
with Tm  = maximum daily transpiration [mm] 
 zroot  = depth of the root zone [mm] 
 
Prasad (1988) took care of the fact that in a moist soil the roots can principally 
extract water from the upper soil layers, leaving the deeper layers relatively 
untouched and derived the following function: 
 
m
rootroot
max Tz
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z
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with Tm  = maximum daily transpiration [mm] 
 zroot  = depth of the root zone [mm] 
 z  = actual depth in the profile [mm] 
 
Modelling of the maximum daily water uptake by roots of each soil layer within 
the rooting depth was realised by first estimating the maximum transpiration over 
the whole root zone Tm. The uptake of water from soil layers of a homogeneous 
root zone would amount to: 
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with Tm,i  = maximum daily uptake of water from soil layer i within the  
   root zone [mm] 
 di  = extension of roots within the soil layer [m] 
 RD  = total rooting depth [m] 
 Tm  = maximum daily transpiration over the whole root zone [mm] 
 
This approach has been followed until the rooting depth reached 0.30 m depth. 
Within deeper root zones, the activity of the roots in the different soil 
compartments has been differentiated. A high activity root zone involved in water 
uptake in the upper soil layers associated to a decreasing activity of the deeper 
roots, was simulated by inserting the weight factor described by Prasad (1988): 
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with Tm,i  = maximum daily uptake of water from soil layer i within the  
   root zone [mm] 
 di,0.5  = depth in the middle of the soil layer  [m] 
 di  = thickness of the soil layer [m] 
= extension of roots within the soil layer    
RD  = total rooting depth [m] 
Tm  = maximum daily transpiration over the whole root zone [mm] 
 
In order to illustrate the impact of this latter procedure, a calculation example has 
been summarised in Table 6.2. 
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Table 6.2: Maximum daily water uptake from each soil compartment of a 0.80 m 
deep root zone, assuming an actual transpiration rate of 5.0 mm d-1 
parameters soil compartment 
 1 2 3 4 5 6 7 8 
duba (m) 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 
dlbb (m) 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 
di,0.5c (m) 0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 
f(d)d (-) 0.23 0.20 0.17 0.14 0.11 0.08 0.05 0.02 
Tm,ie (mm) 1.2 1.0 0.9 0.7 0.5 0.4 0.2 0.1 
a depth of the upper boundary of the soil compartment  
b depth of the lower boundary of the soil compartment 
c depth at the centre of the soil compartment 
d weight factor described by Prasad (1988) 
e maximum daily transpiration within soil layer I 
 
6.4.7. Actual transpiration 
Effects of water stress 
Forces acting on soil water decrease its potential energy and make it less available 
for plant root extraction. When the soil is wet, plant roots can easily extract the soil 
water. However, in dry soils, the soil water is strongly bound to the matrix and is 
less readily available to the crop. Water stress causes a decrease in transpiration 
and consequently also affects crop yield and quality. 
 
The effects of soil water stress have been quantified by multiplying the basal crop 
coefficient with a water stress coefficient Rws: 
 
 
0cbwsa ETKRT ××=  
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with Ta  = actual daily transpiration [mm] 
 Rws  = water stress coefficient [-] 
 Kcb  = basal crop coefficient [-] 
 ET0  = reference evapotranspiration [mm] 
• Soil water availability 
The water uptake of crops largely depends on the difference in matric potential of 
the water in soil and root, and on the root extension and distribution. Soil water 
availability refers to the capacity of the soil to retain water available to plants. Its 
importance varies with the frequency of wetting and the duration of the dry 
periods.  Often, crops have to rely on stored soil water during dry spells within the 
growing period. 
 
After heavy rainfall or irrigation, the soil will drain until field capacity is reached. 
Field capacity corresponds to the maximum water content that a soil can hold 
against gravitational forces. It doesn’t correspond to a fixed free water potential, 
but instead represents the condition of each individual soil after the large pores 
have drained freely under gravity. Field capacity thus depends on the hydraulic 
properties of the soil, soil structure, swelling and shrinking, the presence of pans or 
a shallow groundwater table. In practice, field capacity is taken as the moisture 
content of a soil that has drained freely for 1 or 2 days after saturation. If field 
capacity has not been measured, one usually takes the water content at –33 kPa 
potential (pF = 2.5) for medium textured soils in the tropics and subtropics. 
Nevertheless it is clear that an underestimation or overestimation of the water 
content at field capacity can give considerable errors in the water balance 
calculations.  
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In the absence of water supply, the water content in the root zone decreases as a 
result of water uptake by the crop. Eventually, a point is reached where the crop 
can no longer extract the remaining water. The water uptake becomes zero when 
the wilting point is reached. The permanent wilting point is the soil moisture 
content at which the leaves of sunflower plants wilt permanently. The moisture 
content at –1500 kPa potential (pF = 4.2) is assumed to represent the wilting point. 
Water in drier soils is not available to plants. In fact, the value of the wilting point 
depends on the climatic and soil conditions, and on the plant species.  
 
The total available water in the root zone is the difference between the water 
content at field capacity and wilting point. However, although water is theoretically 
available until wilting point, crop water uptake is reduced well before wilting point 
is reached. Up to a certain degree, the water potential in the plant can be adapted in 
order to maintain maximum transpiration. At what soil moisture content the 
transition from maximum transpiration to a transpiration deficit takes place, is 
difficult to quantify. The critical soil moisture content is defined as the quantity of 
stored soil moisture below which water uptake is impaired and the crop begins to 
close his stomata. It is not a fixed value as restriction of water uptake due to water 
stress starts at higher water contents when the potential transpiration is higher. In 
the DAMUWAB model, the critical moisture content has been calculated as: 
 
( ) ( )wpfcwpws p1 θ−θ×−+θ=θ  
 
with θws  = critical moisture content for water uptake [cm3 cm-3]  
 θfc  = moisture content at field capacity [cm3 cm-3] 
 θwp  = moisture content at wilting point [cm3 cm-3] 
 p  = soil water depletion fraction [-] 
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The value for the fraction p depends on the crop characteristics (deep rooted or 
shallow rooted) and on the evaporative power of the atmosphere. Allen et al. 
(1998) reported tabulated values for the maximum rooting depth and soil water 
depletion fraction for no stress for several crops (Table 6.3).  
 
Table 6.3: Maximum rooting depth and soil water depletion fraction of some crops 
(Allen et al., 1998) 
crop RDmax p (-) 
 (m) coarse textured medium textured 
soils 
fine textured 
common bean 0.70 0.50 0.45 0.41 
groundnut 0.70 0.55 0.50 0.45 
maize 1.30 0.61 0.55 0.50 
sorghum 1.50 0.61 0.55 0.50 
potato 0.50 0.61 0.35 0.50 
 
The values for p apply for a maximum crop evapotranspiration of 5 mm d-1 and can 
be adjusted for other evapotranspiration rates according to: 
 
( )ctable ET504.0pp −×+=  
 
with p  = soil water depletion fraction for no stress [-] 
 ptable  = tabulated values for soil water depletion fraction [-] 
 ETc  = maximum daily crop evapotranspiration [mm] 
 
To express the tolerance of crops to water stress as a function of the fraction p of 
the total available water is not wholly correct, as the rate of root water uptake is 
influenced more directly by the potential energy level of the soil water than by the 
water content. The value for p is a function of the soil type, as a certain matric 
potential corresponds in different soil types with different soil water contents. 
Without being able to fully correct the p values, it can be stated that for fine 
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textured soils, the tabulated p values can be reduced by 5 to 10 %, while for more 
coarse textured soils they can be increased by 5 to 10 %.  
• Water stress coefficient 
Water uptake can be maintained at the maximum rate as long as the water content 
of the root zone equals or exceeds the critical moisture content. For root zone water 
contents between this threshold value and the soil moisture content at wilting point, 
the water uptake is linearly reduced to become zero when the wilting point is 
approached. This relationship has been expressed in the following formulae for the 
water stress coefficient: 
 
wpws
wpt
wsR θ−θ
θ−θ
=       for    wstwp θ<θ<θ  
1R ws =            for    wst θ≥θ  
0R ws =             for     wpt θ≤θ  
 
with Rws  = water stress coefficient [-] 
 θt  = actual moisture content of the root zone [cm3 cm-3] 
 θws  = critical moisture content for water uptake [cm3 cm-3]  
 θwp  = moisture content at wilting point [cm3 cm-3] 
 
Water stress can equally be induced in saline soils, where the presence of salts in 
the soil solution decreases its water potential and limiting the water uptake by plant 
roots. A similar approach can be followed in order to quantify the effects of soil 
salinity by indicating a critical electrical conductivity to water uptake. As saline 
soils are only rarely found in Rwanda, this approach has not been incorporated in 
DAMUWAB. However, it might be added to the calculation procedure when 
intensive irrigation practices are planned.  
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Effects of oxygen stress 
The transpiration of plants can also be reduced when the oxygen content of the root 
zone is rapidly depleted in cases of waterlogging. The effects of soil oxygen stress 
have been quantified by multiplying the basal crop coefficient with an oxygen 
stress coefficient Ros: 
 
0cbosa ETKRT ××=  
 
with Ta  = daily maximum actual transpiration [mm] 
 Ros  = water stress coefficient [-] 
 Kcb  = basal crop coefficient [-] 
 ET0  = daily reference evapotranspiration [mm] 
• Soil oxygen availability 
Similarly to the effects of water stress, the reduction in transpiration due to oxygen 
shortage occurs when the actual moisture content exceeds the critical moisture 
content for aeration. This critical moisture content has been calculated as: 
 
airmaxos θθθ −=  
 
with θos  = critical moisture content for aeration [cm3 cm-3]  
 θmax  = soil porosity [cm3 cm-3] 
 θair  = critical air content [cm3 cm-3] 
 
In the model it was assumed that oxygen deficiency starts when the soil air content 
runs below a fixed value of 10 % for four consecutive days. This corresponds to the 
critical values for aeration reported by Glinski and Lipiec (1990).  They found that 
the critical air contents for aeration start at about 5 to 10 vol%. In reality however, 
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the critical air content depends on the crop-specific tolerance to waterlogging and 
the soil properties. Moreover, as long as the soil water contains sufficient oxygen, 
the roots will remain active. Consequently, oxygen stress starts only after a few 
days of waterlogging. More soil and crop specific information about waterlogging, 
however, would certainly improve the modelling results. 
• Oxygen stress coefficient 
If the actual soil moisture content exceeded the critical moisture content for 
aeration, the transpiration rate was linearly reduced up to zero at saturation. The 
oxygen stress coefficient has thus been calculated by: 
 
osmax
tmax
osR θ−θ
θ−θ
=     for    maxtos θ≤θ<θ  
1R os =          for    ost θ≤θ  
 
with Ros  = oxygen stress coefficient [-] 
 θmax  = soil porosity = soil moisture content at saturation [cm3 cm-3] 
 θos  = critical moisture content for aeration [cm3 cm-3] 
 θt  = actual moisture content of the root zone [cm3 cm-3] 
Actual transpiration 
The actual transpiration has been quantified by multiplying the maximum 
transpiration with the water stress and oxygen stress coefficients, both ranging 
between 0 and 1: 
 
moswsa TRRT ××=  
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with Ta  = actual daily transpiration [mm] 
 Tm  = maximum daily transpiration [mm] 
 Rws  = water stress coefficient [-] 
 Ros  = oxygen stress coefficient [-] 
 
Water losses due to transpiration are only affecting those soil layers that are within 
the actual rooting depth of the crop.  
6.4.8. Actual evaporation 
If water is present on the soil surface, the actual evaporation equals the maximum 
evaporation. The maximum evaporation rate can be attained as long as the 
hydraulic properties of the soil allow a sufficiently fast water flow towards the soil 
surface. However, upon further drying of the topsoil, very high matric suction 
builds up in the upper few centimeters of the soil, and a thin, air-dry, mulch layer 
forms. This layer acts as a boundary to transport of water and prevents further 
water losses from the subsoil, resulting in a zero evaporation rate.  
Soil water availability 
The total soil water that is available for evaporation equals the difference between 
the soil moisture content at saturation and that of air-dry soil. The moisture content 
of an air-dry soil has been estimated as one third of the soil moisture content at 
wilting point. Allen et al. (1998) applied a procedure similar to the one derived for 
the actual transpiration rate, and defined a critical soil moisture content for 
evaporation above which the soil water is readily available and the evaporation 
continues at its maximum rate. Below this critical moisture content, the 
evaporation rate is reduced proportionally to the amount of water that is left in the 
upper soil layer. The depth of the soil surface that is subjected to evaporation is 
estimated at 0.10 to 0.15 m, while the critical moisture content for evaporation 
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depends on soil texture. However, estimates are not available for all texture classes. 
Moreover, it is clear that this critical moisture content also depends on the 
evaporative power of the atmosphere. Other approaches reduce the evaporation rate 
by taking into account the number of days since the last rainfall event, without 
referring to the soil hydraulic properties (Supit et al., 1994).  
 
Because of these limitations and the lack of data in literature, it was decided to 
follow another approach. The depth of the soil surface subjected to evaporation has 
been set at 0.10 m. The total available water within this surface layer is the 
difference between the water content at saturation and that of the air-dry soil: 
 
wpdr 3
1 θ×=θ  
 
with θdr = soil moisture content of air-dry soil [cm3 cm-3] 
 θdr = soil moisture content at wilting point [cm3 cm-3] 
 
The critical moisture content for evaporation has been preliminary set at field 
capacity. 
Evaporation reduction coefficient 
The evaporation rate thus attained its maximum value as long as the moisture 
content of the topsoil is at least at field capacity. If the soil moisture content 
equalled or dropped below one third of that at the wilting point, the soil was 
assumed to be air-dry, a mulch layer has been developed, and the evaporation was 
stopped. For moisture contents between field capacity and air-dry soil, the 
evaporation rate was linearly reduced proportional to the amount of water left in 
the topsoil: 
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drfc
drt
evR θ−θ
θ−θ
=     for   fctdr θ<θ<θ  
1R ev =          for   fct θ≥θ  
0R ev =          for   drt θ≤θ  
 
with Rev  = evaporation reduction coefficient [-] 
 θdr  = soil moisture content of air-dry soil [cm3 cm-3] 
 θfc  = soil moisture content at field capacity, corresponding to the  
         critical moisture content for evaporation [cm3 cm-3] 
 θt  = actual moisture content of the root zone [cm3 cm-3] 
Actual evaporation 
The actual evaporation has been calculated by multiplying the evaporation 
reduction coefficient and the maximum evaporation: 
 
meva ERE ×=  
 
with Ea  = actual daily evaporation [mm] 
 Em  = maximum daily evaporation [mm] 
 Rev  = evaporation reduction coefficient [-] 
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6.5. Percolation 
Water is percolating from one horizon to another if the water content of the upper 
one exceeds field capacity. The surplus of water then percolates towards the 
underlying horizon, at a rate depending on the uptake capacity of this latter 
horizon.  
6.5.1. Preliminary percolation 
If the water content of a soil layer exceeded field capacity, the preliminary daily 
percolation has been estimated by: 
 
( ) d10100PC fctpr ×××θ−θ=  
 
with PCpr = preliminary daily percolation [mm] 
 θt = actual soil moisture content of the soil layer [cm3 cm-3] 
 θfc = soil moisture content at field capacity [cm3 cm-3] 
 d = thickness of the soil layer [m] 
6.5.2. Maximum percolation 
The actual daily percolation, however, has been limited by the uptake capacity of 
the underlying soil layer: 
 
( ) d10100PC tsatmax ×××θ−θ=  
 
with PCmax = maximum daily percolation [mm] 
 θt = actual soil moisture content of the soil layer [cm3 cm-3] 
 θsat = soil moisture content at field capacity [cm3 cm-3] 
 d = thickness of the soil layer [m] 
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In the absence of a groundwater table, paralithic or lithic contact at the lower 
boundary of the soil profile under consideration, the uptake capacity of the deeper 
soil layers is never limiting the downward flux of percolation water. In case of a 
groundwater table, it was assumed that percolating water is redistributed elsewhere, 
while fresh water is supplied after consumption by the crop through capillary rise, 
allowing the fixation of the water table at a constant depth. Subsoil horizons with a 
limited water retention capacity, such as those recorded at a paralithic contact, 
possibly give rise to a perched water table.  
6.5.3. Actual percolation 
The actual daily percolation equalled the minimum of the daily preliminary and 
daily maximum amounts of percolating water: 
 
( )maxpra PC,PCminPC =  
 
with PCa = actual daily percolation [mm] 
 PCpr = preliminary daily percolation [mm] 
 PCmax = maximum daily percolation [mm] 
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6.6. Infiltration, surface storage, run-off 
6.6.1. Infiltration 
A fine-tuned procedure that calculates the process of infiltration requires a high 
amount of detailed climatic and edaphic data. With reference to the climatic data, 
daily rainfall amounts are insufficient, as the infiltration rate is predominantly 
determined by the instantaneous rainfall intensity. Data about the intensity of each 
rainfall event recorded during the day are thus required. The response of the soil to 
this water input depends on several soil hydraulic properties, while also sealing and 
crusting considerably influence the amount of water entering the soil. Most soil 
hydraulic parameters change considerably during one single event. However, the 
database offered daily total rainfall amounts, without indicating the intensity and 
frequency of the events. Most of the hydraulic properties influencing the 
infiltration process were lacking. Methods to simulate rainfall events and to 
estimate soil hydraulic properties from PTFs are regularly applied to overcome this 
problem of lacking data. However, without any possibility to calibrate these 
methods for Rwandan conditions, it was opted to keep the infiltration procedure 
relatively simple, based on the available data.  
 
The process of infiltration was assumed to take place at the soil surface and is 
affected by the average daily soil hydraulic properties of the upper horizon       
(0.10 m) only. This horizon could be moistened up to the saturation level, while the 
amount of water in excess was stored on the soil surface or ran off. Redistribution 
of this infiltration water eventually also moistened the deeper horizons.  
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Preliminary infiltration 
The preliminary amount of infiltrating water has been determined by the sum of 
rainfall and initial surface storage, recorded at the beginning of the day. This sum 
equalled the amount of water that can potentially infiltrate during that day: 
  
ipr SSPI +=  
 
with Ipr = preliminary daily infiltration [mm] 
 P = daily rainfall [mm] 
 SSi   = initial surface storage [mm] 
Maximum infiltration 
The amount of water actually infiltrating, however, is limited by the uptake 
capacity of the upper soil layer. The maximum water content of this horizon is that 
at saturation. The soil moisture content at the beginning of the day, the initial soil 
moisture, thus sets the upper limit to infiltration: 
 
( ) d10100I isatmax ×××θ−θ=  
 
with Imax = maximum daily infiltration [mm] 
 θsat = soil moisture content at saturation [cm3 cm-3] 
 θi = initial soil moisture content [cm3 cm-3] 
 d = thickness of the soil layer [m] 
Actual infiltration 
The actual infiltration has been given by the minimum of the preliminary and 
maximum infiltration: 
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( )maxpr I,IminI =  
 
with I = actual daily infiltration [mm] 
 Ipr = preliminary daily infiltration [mm] 
 Imax = maximum daily infiltration [mm] 
6.6.2. Surface storage 
If the water supply at the soil surface exceeded the infiltration capacity, the excess 
water amount was stored at the soil surface. In that case, ponding occurred. The 
ponding depth not only depended on the excess in water supply, but also on several 
surface characteristics such as the slope gradient and surface roughness.  
Excess water supply 
If the maximum infiltration rate exceeded the preliminary infiltration rate, all water 
supplied at the soil surface could infiltrate and no water was left ponding at the 
surface. The excess of water supply in the opposite case equalled: 
 
IISS prpr −=  
 
with  SSpr = excess water supply at the soil surface [mm] 
= preliminary surface storage  
 Ipr = preliminary daily infiltration [mm] 
 I = actual daily infiltration [mm] 
Surface storage capacity 
The surface storage capacity has been estimated using the following equation 
reported by Penning de Vries and van Laar (1982): 
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( ) ( ) ( )
φ×σ×
φ−σ+φ+σ
×
σ
φ−σ
××=
coscos2
cotcot
sin
sind5.0SS
2
max  
 
with SSmax = surface storage capacity [mm] 
 d = surface roughness [mm] 
 σ = clod angle or furrow angle [rad] 
 φ = declination of the land [rad] 
 
The surface roughness changes considerably with the land management practices. 
Untilled land has a surface roughness of about 10 to 20 mm. The roughness of land 
tilled with light equipment has been estimated between 60 and 80 mm. Contour-
ploughed land is generally characterised by a surface roughness of about 200 mm. 
Variations in the surface roughness are mainly due to differences in soil properties, 
such as soil texture. The surface roughness will also change with time during the 
crop cycle, especially due to the impact of raindrops. In the actual model, the 
maximum values have been used for light textured soils, while the medium 
textured soil surfaces have been characterised by average values. The minimum 
values have been proposed for the coarse textured soils, very rarely found in 
Rwanda. The clod angle or furrow angle was set at a constant value of 30° or  
0.053 rad. The declination of the land was taken from the soil profile description. 
During the crop cycle, the surface roughness decreased from its maximum value, 
corresponding with the roughness of land tilled with light equipment, to its 
minimum value for untilled land.  
Actual surface storage 
The actual surface storage equalled the minimum of the preliminary surface storage 
and the surface storage capacity: 
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( )maxpre SS,SSminSS =  
 
with SSe = actual surface storage at the end of the day [mm] 
 SSpr = preliminary surface storage [mm] 
 SSmax = surface storage capacity [mm] 
6.6.3. Run-off 
The excess water supply at the soil surface that can’t infiltrate and can’t be stored 
at the surface, has been lost to the system as run off: 
 
epr SSIISR −−=  
 
with SR = surface run-off [mm] 
 Ipr = preliminary daily infiltration [mm] 
 SSe = actual surface storage at the end of the day [mm] 
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6.7. Capillary rise 
Up to this stage, only downward water movement has been taken into 
consideration. However, as water flows from places where it has a high potential to 
those with low potential, this can result in downward or upward water movement. 
Upon wetting, water percolates from the upper horizons towards the low ones. 
However, when the soil surface dries and looses water through evaporation, while 
crops also transpire water stored in the upper horizons, a plane of zero water 
movement can occur at a certain depth. The hydraulic head decreases in these 
upper soil layers, compared to those below the root zone. Above the plane of zero 
flux, water is moving upwards, from high potential zones to low potential zones 
where water is lost. Below the plane, water continues to percolate to the subsoil.  
 
Without information on the pF-curve, giving the relationship between soil moisture 
content and hydraulic head, a similar approach couldn’t be followed. However, the 
influence of a groundwater table within or nearby the root zone has a too high 
impact on crop performance so that it has to be taken into account.  
6.7.1. Groundwater level 
The groundwater level of the poorly drained valleys in the humid high altitude 
areas probably will vary only little. In the middle and low altitude areas, 
characterised by dry and humid periods, however, the groundwater table depth will 
vary considerably from one season to another. A fluctuating groundwater or 
perched water table sometimes leaves its marks in the soil profile: the depth of 
mottling indicates the highest groundwater level recorded during the humid 
periods. Based on the profile description, an average groundwater level at the start 
of the growing season can be estimated. This groundwater level rises upon 
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percolation of infiltrating rainfall, or decreases upon water consumption for 
evaporation or transpiration.  
6.7.2. Capillary rise above the groundwater table 
The rise of water in the soil from a free-water surface has been termed capillary 
rise. Above the water table, matric suction will generally increase with height and 
soil moisture content will decrease. The wetting of an initially dry soil by upward 
capillary flow, illustrated in Fig. 6.6, occurs only rarely in the field.  
 
 
 
Fig. 6.6: Upward infiltration of water from a groundwater table into a dry soil: 
water content distribution curves for various times (t1 < t2 < t3 < t∞) 
(Hillel, 1971) 
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In its initial stages, this process is similar to infiltration, although operating in the 
opposite direction. After a long time (t∞), the flux tends to zero when the overall 
hydraulic gradient approaches zero. This ideal state of equilibrium is the exception 
rather than the rule in field conditions, as water is constantly flowing due to 
transpiration or evaporation. When the moisture profile of a soil with a shallow 
groundwater table is in equilibrium, it is characterised by decreasing soil moisture 
contents from the groundwater table up to the highest point of capillary rise. This 
steady state of capillary rise and evaporation depends on the depth of the water 
table and on the suction at the soil surface. However, even the driest atmosphere 
cannot steadily extract water from the surface any faster than the soil profile can 
transmit this water from the water table to that surface. This transmission rate 
depends on the hydraulic conductivity of the soil (Hillel, 1971). Despite the fact 
that a zone of near saturation, called the capillary fringe, always exists above the 
water table, the upward movement of water will be limited by the unsaturated 
hydraulic conductivity, which is much less than the saturated hydraulic 
conductivity. Some models assure that the unsaturated hydraulic conductivity in 
soil layers with moisture contents below field capacity is so small that the water 
flow can be assumed to be zero (Burman and Pochop, 1994). In that case, only the 
roots near the capillary fringe will be able to exploit this water supply.  
6.7.3. Modelling groundwater influence 
The lack of data with reference to the hydraulic soil properties and the variability in 
groundwater movements forced the design of a much more simplified calculation 
procedure. Above the groundwater table, a capillary fringe of 0.20 m thickness has 
been assumed. The soil moisture content of this capillary fringe is set to saturation 
minus 5 vol% in the first 0.10 m, closest to the water table. In the upper part of the 
fringe, the soil moisture content decreases to saturation minus 10 vol%. This rather 
artificial assumption allows root growth up to 0.10 m above the groundwater table. 
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In this soil compartment, both coefficients representing water stress and oxygen 
stress are 1, allowing a maximum transpiration rate. If the water table enters the 
root zone, the activity of the roots within the zone of oxygen shortage will be 
stopped. Without data on water potentials, the upward water flux from the 
groundwater table towards drier soil compartments couldn’t be simulated. Initially, 
only the negative impact of a groundwater table nearby the soil surface could be 
assessed. 
 
In order to illustrate the possible contribution of capillary flow to agricultural 
production during the dry season, a risk-sensitive estimation of the capillary rise 
has been introduced. This was based on tables published by Penning de Vries and 
van Laar (1982) giving the vertical distance of capillary flow as a function of the 
flow rate and matric potential measured in soils belonging to several different 
texture classes. For each texture class the maximum distance between the 
groundwater table and the lower root zone boundary that ensures a capillary rise of 
5 mm d-1 at a matric potential of 2500 cm (pF = 3.4, 2.5 bar) was determined 
(Table 6.4). From Table 6.4 it is clear that capillary rise in heavy clay or loamy 
sand textured soils is insufficient to support crop growth during times of drought. 
Also in organic soils, the contribution of the water table is limited. Roots within 
0.30 m of the groundwater table are optimally supplied with water. If the valley 
soils have a sand, clay loam or silty clay texture, the water table ensures the water 
supply for transpiration if it is within 0.40 m of the root zone. The textures that 
allow the highest capillary rise are sandy loam, silt loam, loam, sandy clay loam 
and light clay. Groundwater tables in soils that have one of these textures, 
positively affect crop growth, even when they are found at a depth of 1 m or more.  
 
If a rooted soil compartment is close enough to the water table in order to receive a 
capillary flow of 5 mm d-1, the water stress coefficient has been set at 1, 
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eliminating any water stress. In that case, the water table supplies the water for 
transpiration, even though the soil moisture content of the soil compartment itself 
is too low. In all other rooted soil compartments, falling outside the zone of 
sufficient capillary influx, the water stress coefficient and the actual transpiration 
rate have been calculated as before. Additionally, from the moment that the 
groundwater table supplies water to the lower root zone, the root water uptake 
pattern was reversed, giving more importance to the deeper root layers, near the 
water reserves.  
 
Table 6.4: Maximum distance between the lower root zone boundary and the 
groundwater table to ensure a capillary rise of 5 mm d-1 for a matric 
potential of 2500 cm (Penning de Vries and van Laar, 1982) 
texture class distance between root zone and GWT (m) 
sand 0.45 
loamy sand 0.15 
sandy loam 1.45 
silt loam 1.42 
loam 1.07 
silt 0.78 
sandy clay loam 1.20 
silty clay loam 0.68 
clay loam 0.44 
silty clay 0.42 
light clay 1.31 
heavy clay 0.12 
peat 0.28 
 
A high activity root zone involved in water uptake near the groundwater table and a 
decreasing activity of the upper roots, has been simulated by modifying the weight 
factor described by Prasad (1988) to 
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a
i5.0,i
ai,a TRD
d
RD
d
2T)d(fT ×××=×=  
 
with Ta,i = actual daily uptake of water from soil layer i within the root zone 
                [mm] 
 di,0.5 = depth in the middle of the soil layer [m] 
 di = thickness of the soil layer [m] 
= root extension within the soil layer     
RD = total rooting depth [m] 
 
The level of the groundwater table is kept constant. This simplifies the water 
balance considerably, but implies that no limitations have been posed to the 
percolation of water in the subsoil and that the supply of groundwater to the 
transpiration process is unlimited.  
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6.8. Crop growth in water stress conditions 
6.8.1. Relationship between water uptake and crop production 
The relationship between the amount of CO2 entering the crop and the amount of 
water leaving the crop indicates that the seasonal transpiration can be used to 
estimate the carbon assimilation of a crop. This approach has advantages in rainfed 
tropical environments where it is the shortage of water rather than the amount of 
solar radiation that determines crop productivity.  
 
For any crop, the relation between total dry weight and seasonal transpiration is 
often linear with the slope known as the dry matter to transpired water ratio. This 
ratio does not seem to be seriously affected by nutrients or water stress (Azam-Ali 
and Squire, 2002). However, crop photosynthetic adaptability, stomatal control and 
different levels of vapour pressure deficit may be at the origin of a considerable 
variability in the ratio. Most commonly, field crops are characterised by a 
regulatory mechanism through which their stomata can be partially closed in order 
to reduce transpiration. The estimation of this maximum transpiration, based on the 
Penman–Monteith formulae succeeds quite well in simulating this effect. The 
difference in transpiration–assimilation ratio between C3 and C4 crops is mainly the 
result of differences in assimilation rate, transpiration being virtually identical, 
especially under high light conditions. Under conditions of temporary water 
shortage, leading to stomatal closure, assimilation and transpiration are affected 
approximately to the same extent hence the value of the transpiration coefficient 
remains constant. It is this latter characteristic that permits an evaluation of the 
influence of moisture shortage on production.   
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6.8.2. Actual gross biomass photosynthesis rate 
After considering crop growth in relation to the capture and conversion of solar 
radiation, also the effect of water availability on the photosynthesis rate has been 
quantified at the water-limited production level. The water uptake required for 
optimal production has been represented by the maximum transpiration rate. From 
the water balance simulation, the actual amount of water available for uptake has 
been quantified, allowing an estimation of the actual transpiration rate. If there was 
a water shortage, the actual gross photosynthesis rate was reduced by 
multiplication with the ratio actual to maximum transpiration: 
 
GASS
T
T
TAR
T
GASS
m
aa
act ×==  
 
with GASSact= actual gross assimilation rate, taking into account the crop 
   response to water stress [kg CH2O ha-1 d-1] 
 GASS = gross assimilation rate (see chapter on RPP) when optimally  
   supplied with water [kg CH2O ha-1 d-1] 
 TAR = transpiration to assimilation ratio [-] 
 Ta = actual daily transpiration rate [mm] 
 Tm = maximum daily transpiration rate [mm] 
 
However, by applying this approach, the crop-specific response of different crops 
and cultivars to water stress couldn’t be quantified. Drought-resistant crops such as 
sorghum increase their water use efficiency considerably during dry periods. Crops 
that don’t tolerate water stress conditions show a decrease in water use efficiency. 
Moreover, the same crop cultivar shows differences in water stress tolerance during 
its crop cycle. Many crops are much more sensitive for water stress during their 
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flowering period, than during ripening. These differences in response have been 
quantified through the introduction of the Ky-factor, reported by Sys et al. (1993). 
These yield response factors, for the different growth stages of several crops have 
been summarised in Table 6.5. The formula for the actual gross assimilation rate 
was modified to: 
GASS
T
T
1K1GASS
max
a
yact ×







−×−=  
 
with  GASSact = actual gross assimilation rate, taking into account the  
   crop response to water stress [kg CH2O ha-1 d-1] 
 GASS  = gross assimilation rate (see chapter on RPP) when  
   optimally supplied with water [kg CH2O ha-1 d-1] 
 Ky  = yield response factor [-] 
Ta  = actual daily transpiration rate [mm] 
 Tmax  = maximum daily transpiration rate [mm] 
 
Table 6.5: Yield response factors for the crop development stages of some crops 
cultivated in Rwanda (Sys et al., 1993) 
crop yield response factor Ky (-) 
 initiation and crop development mid-season late-season 
common bean (dry) 0.20 0.70 0.20 
groundnut 0.20 1.10 to 0.75 0.20 
maize 0.40 1.50 to 0.50 0.20 
sorghum 0.20 0.50 0.20 
potato 0.60 0.70 0.20 
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6.8.3. Development of crop components 
The reduction in gross biomass production rate resulted in a reduction of the net 
biomass produced each day of the water stress period. Consequently, the 
production of the individual crop components (leaves, stems, storage organs, and 
roots) should be equally retarded. How to quantify the reduced growth of these 
elements?  
 
Many crop growth models (Penning de Vries and van Laar, 1982; Supit et al., 
1994) partition the daily net biomass production over the different crop parts, using 
crop and development stage specific partitioning coefficients. In the mid-season 
stage for instance most newly composed net biomass is invested in the 
development of flowers and storage organs, while the formation of new stems or 
leaves is of secondary importance. Through the use of these partitioning factors, 
the effects of water-stress are thus also reflected in a reduced growth rate of each 
individual component. In the case of the leaves, this is further translated into a 
reduction of the LAI through the definition and quantification of the specific leaf 
area, the increase of the LAI per kg weight increase of the living leaves. This 
specific leaf area is crop-specific and changes with the crop development stage. 
Water stress can also cause dying of leaves. Its seriousness is a function of the 
maximum relative death rate of leaves due to water stress and the actual 
transpiration to maximum transpiration ratio. The biomass contained in living 
leaves is thus far more complicated to simulate than that of the other crop 
components. However, without information on the partitioning factors, the specific 
leaf areas, and the relative death rates, a similar quantification becomes difficult.  
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Roots 
In DAMUWAB, root growth was only simulated through a vertical extension of 
the rooting depth. The root growth rate was limited when roots started exploiting 
soil layers that were either very wet or very dry. As the relationship between water 
stress and the root biomass production is unknown, a further reduction of this root 
development rate, following a reduction in the total net biomass production rate, 
has not been taken into account.  
Leaves 
Because of the high importance of this plant component in the photosynthesis 
process, the increasing amount of leaf area during crop development has been 
estimated through a simulation of the LAI. The same problem arose in water stress 
conditions: How is this water stress translated into the evolution of the LAI? The 
reduced growth rate will give less leaf biomass, and will consequently retard the 
expansion of these leaves. In order to simulate this effect, the model adapted the 
rate at which the LAI increased by multiplication with the ratio of the actual net 
biomass production rate to the maximum, net biomass production rate.  
 
During the period of linear growth, the LAI increased at a constant rate determined 
by: 
MRESGASS
MRESGASS
length
LAI act
t)developmen crop (initial
max
−
−
×
+
 
 
During the period of reduced growth (first half of the mid-season), the increase in 
LAI has been quantified as follows: 
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MRESGASS
MRESGASS
length
LAI-LAI act
season) mid (half
maxfull
−
−
×  
 
with LAImax = leaf area index at maximum growth rate [-] 
 LAIfull = leaf are index at full canopy development [-] 
 length(initial+cropdevelopment) = duration of the period of linear growth [d] 
 length(half mid season) = duration of the period of reduced growth 
                [d] 
GASSact = actual gross assimilation rate under water stress  
   [kg CH2O ha-1 d-1] 
 GASS = gross assimilation rate under optimal conditions  
   [kg CH2O ha-1 d-1] 
 MRES = maintenance respiration rate [kg CH2O ha-1 d-1] 
 
When the crop is growing under water stress it thus might be that the canopy is not 
fully developed at the start of the second half of mid-season. During the second 
part of the mid-season the LAI remains unaltered, while it decreases considerably 
during the late-season following senescence of the leaves.  
Storage organs 
The biomass accumulation of the storage organs hasn’t been quantified as such at 
the previous level of the crop growth model. It was only at the end of the 
calculation procedure that the dry matter production of the harvested product had 
been estimated by inserting the harvest index. Due to water stress, especially 
during the mid-season, the amount and quality of the harvested production may be 
considerably reduced. However, as this relationship is not known for the crops and 
study area under consideration, this effect has not been taken into account. 
Nevertheless, through the daily simulation of crop growth under water stress 
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conditions, the occurrence of water stress during specific water stress sensitive 
periods of the crop cycle can be reported and the consequences for the quality of 
the harvest product can be outlined.  
6.8.4. Length of crop cycle 
Unfavourable growth conditions such as water shortage may equally retard the 
development of several plant organs and lengthen the crop cycle. Again this 
requires knowledge of several crop characteristics that are often not available for 
the cultivars that one is interested in. Consequently, the crop cycle length and the 
duration of the different crop growth stages have not been altered.  
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6.9. Initialisation 
How to quantify the initial water storage of the soil on the first day of the 
agricultural year? In many areas of Rwanda, the months of June, July, August and 
September are very dry.  Regularly, during July and August, there’s no rainfall at 
all. At the same time, the evaporative power of the dry atmosphere is very high. 
The previous crop was harvested at the beginning of the dry season, and 
consequently, the soil water reserve within the root zone of the previous crop 
hasn’t yet been restored. Based on these remarks and consecutive runs of the water 
balance, the following assumptions have been made with regard to the initial soil 
water content: 
 
(1) In the lowlands, the upper soil compartment, at the beginning of August has 
been assumed air-dry. The other soil compartments within the root zone of the 
previous crop were characterised by a soil moisture content corresponding to 
wilting point. Deeper soil compartments haven’t been affected by transpiration 
or evaporation processes, and as the upward movement of water hasn’t been 
quantified, they were estimated at field capacity.  
 
(2) In the highlands, the atmosphere is much less thirsty and the rainfall events are 
more frequently occurring. Consequently, the water content of the soil profile 
at the beginning of August is wetter than in the lowlands. The moisture content 
of the topsoil was set between air-dry and wilting point, at 60 % from air-dry 
soil. Other soil compartments within the root zone of the previous crop were 
characterised by soil moisture contents halfway between wilting point and field 
capacity. The deeper ones again had a soil water status corresponding to field 
capacity.  
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(3) Intermediate initial soil water reserves have been simulated for the middle 
altitudes. The topsoil moisture content ranged between air-dry and wilting 
point, at 40 % from the air-dry soil moisture content. The subsoil was assumed 
at wilting point or field capacity, depending on the rooting depth of the 
previous crop.  
 
The calculation procedure and the behaviour of the most important parameters 
affecting the WPP of common bean, sown near Kigali during season A of the 
agricultural year 1987, have been illustrated in Annex II. 
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6.10. Sensitivity analysis 
6.10.1. Objectives 
Even though the model has been kept relatively simple, a high number of 
calculations are required when estimating the WPP by DAMUWAB. A thorough 
sensitivity analysis of all parameters would be equally voluminous. Nevertheless, 
the final return of the integration of a water balance with the crop growth model is 
a single value, representing the expected yield under rainfed conditions, with an 
optimal supply of nutrients.  
 
In the absence of reliable and sufficiently detailed yield data, the performance of 
the DAMUWAB model has been assessed through a comparison of its results with 
that of DESIWAB, the original model described by Tang et al. (1992). The 
sensitivity analysis has therefore been performed through several case studies, 
giving the response of the crop to a number of different land use systems, 
characterised by a variability in climate, landscape, soil, crop and management. Is 
the model capable of describing the spatial variability in WPP, corresponding to 
the very different rainfall amounts, landscapes and soil types found in Rwanda? Is 
the daily temporal scale of higher performance than the monthly scale? Besides 
giving an answer to these questions, this analysis also describes the variability of 
the crop yields over different years and the corresponding range of magnitude of 
the most important parameters such as evaporation and transpiration. The analysis 
of different case studies further resulted in the fine-tuning of the model with 
respect to the Rwandan conditions.   
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6.10.2. Input data 
Crops and management 
• Crop characteristics 
Crop choice was limited to those crops incorporated in the agricultural calendar of 
the lowlands, middle altitudes and highlands of Rwanda, as discussed by 
Ndayizigiye (1993). Consequently, the WPP has been calculated for groundnut, 
common bean, sorghum, maize and potato. The large variability in crop 
characteristics affecting the photosynthesis rate has been discussed in the previous 
chapter. With regard to crop parameters affecting the transpiration rate, evaporation 
rate and water uptake, a comparable variability has been noted. Crop specific 
parameters added to the model at the water-limited production level and reported 
by Allen et al. (1998) and Sys et al. (1993) have been summarised in Table 6.6. 
 
The basal crop coefficients and the maximum crop height influence the 
transpiration rate. All selected crops are annual crops with a nearly bare soil 
surface during the initial development phase. The basal crop coefficient during this 
phase consequently equals only 15 % of the reference evapotranspiration. Basal 
crop coefficients in the mid-season vary between 0.95 for sorghum to 1.15 for 
maize. Groundnut, common bean and potato are characterised by a basal crop 
coefficient of 1.10 during the same crop development stage. Physically, these 
values imply that for nearly all of these crops the evapotranspiration rate is 
somewhat higher than that of the reference surface. Only sorghum succeeds in 
reducing its transpiration rate below the level of the grass reference crop. Basal 
crop coefficients at harvest largely depend on the required moisture content of the 
harvested product. The transpiration of common bean is seriously reduced at the 
time of harvest, equalling only 25% of the reference evapotranspiration. This 
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contrasts strongly with the relatively high basal crop coefficient of potato, being 
0.60 at harvest. At harvest, the whole crop is still evapotranspiring considerably. 
The basal crop coefficients at harvest of the other crops equal 0.50, 0.50, and 0.35 
for maize, groundnut, and sorghum respectively. 
 
Table 6.6: Basal crop coefficient (Kcb), maximum crop height (h), maximum 
rooting depth (RDmax), yield response factor (Ky) and soil water 
depletion fraction (p) of some crops (Sys et al. 1993, Allen et al., 1998) 
crop Kcb (-) h 
 inia mid end (m) 
RDmax 
(m) 
groundnut 0.15 1.10 0.50 0.40 
common bean 0.15 1.10-1.15 0.25 0.40-2.00 
sorghum 0.15 0.95 0.35 2.00 
maize 0.15 1.15 0.50 2.00 
potato 0.15 1.10 0.65 0.60 
0.70 
0.70 
1.50 
1.30 
0.50 
crop Ky (-)  p (-) 
 ini-cd mid late  fineb medium coarse 
groundnut 0.20 0.70 0.20  0.45 0.50 0.55 
common bean 0.20 1.10-0.75 0.20  0.41 0.45 0.50 
sorghum 0.20 0.50 0.20  0.50 0.55 0.61 
maize 0.40 1.50-0.50 0.20  0.50 0.55 0.61 
potato 0.60 0.70 0.20  0.32 0.35 0.39 
a ini: initiation, cd: crop development, mid: mid-season, late: late-season, end: at harvest 
b texture 
 
Also regarding their maximum crop height there is a considerable variability 
among the selected crops. Both cereals attain a maximum height of about 2 m. 
Potato has an average maximum height of 0.60 m, while groundnut plants reach 
out above the soil surface up to a maximum height of about 0.40 m. When grown 
on stalks, the beans crop can attain a height of 2 m, otherwise the maximum height 
is about 0.40 m.  
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Evaporation from the soil surface is affected by the fraction of ground covered by 
the crop canopy. The calculation procedure to estimate this crop-specific parameter 
is based only on the LAI. The very different plant geometry of the cereals 
compared to the other crops, will undoubtedly also influence ground cover. 
However, it has not been taken into account.  
 
The uptake of water through the root system depends on the rooting depth and the 
extraction capacity of the available soil water. According to Allen et al. (1998), the 
maximum rooting depth of sorghum varies between 1.0 and 2.0 m, while that of 
maize is found within the range 1.0 to 1.7 m.  An average maximum rooting depth 
of 1.5 m for sorghum and 1.3 m for maize has been selected. The other annual 
crops have a much smaller rooting depth. The root system of groundnut attains a 
depth of 0.5 to 1.0 m, while that of common bean varies between 0.6 and 0.9 m. An 
average rooting depth of 0.7 m has been used in both cases. Potato even has a 
shallower root system with a maximum depth between 0.4 and 0.6 m. The average 
value of 0.5 m has been used to characterise the maximum rooting depth of potato 
in this model. Also with regard to the fraction of easily available water there’s a 
high variability to be remarked among these crops. In medium textured soils, half 
of the total available water content of the soil is easily available for groundnut. The 
uptake capacity of common bean is slightly less. Only 45 % of the total available 
water is easily available to this crop. Potato even does worse: 35 % can be 
extracted from the soil without any restriction on the transpiration rate. Both 
cereals succeed in easily extracting 55 % of the total available water content, 
thanks to their deeper root system.  Table 6.6 also reports the p-values for fine and 
coarse textured soils.  
 
The largest differences are to be reported in the crop response to water stress. 
During the vegetative phase, most crops succeed in seriously increasing their water 
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use efficiency, expressed by the low yield response factor of 0.20. Maize and 
potato have a relatively high response factor during the same period, illustrating 
their sensitivity for drought. The consequences of water stress become more 
important during the mid-season stage. Common bean and maize are characterised 
by a high response factor, exceeding 1.00 during flowering period. Drought periods 
at that moment seriously reduce crop growth as their water use efficiency is 
negatively affected by the water shortage. With grain or seed formation this 
sensitivity reduces again. Groundnut and potato both show an intermediate 
response to water stress during the mid-season. Sorghum is the crop that is best 
adapted to dry weather. Even during the mid-season, its water use efficiency is 
considerably increased upon water stress. This is associated to a relatively low 
transpiration rate, a deep root system, and the capacity to easily extract at least half 
of the total available water. All crops are characterised by an efficient water 
management during the late-season.  
 
In view of the research that has been initiated by the ISAR (Institut des Sciences 
Agronomiques du Rwanda) and USAID (US Agency for International 
Development) in order to select suited crop varieties for cultivation in the different 
altitudinal zones, the model performance could be optimised using variety-specific 
characteristics.  
• Management 
A detailed discussion of the crop calendar has been given in chapter 5 on the RPP. 
Frequently, other management practices such as mulching of the coffee plantations, 
or the cultivation of potatoes in the volcanic range and crops in the imperfectly 
drained valleys on ridges in order to increase the soil depth or decrease the water 
table depth, ensure a higher production potential.  
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Landscape and soil 
The topographic and edaphic variability of the cultivated fields is extremely high in 
Rwanda. Irrigated rice is cultivated in flat valleys, while tea plantations are to be 
found on the leached, steeply sloping sides of the Congo-Nile Watershed Divide. 
Although a fine texture dominates the soilscape, a high variability has been found 
in parent materials, degrees of weathering, and soil depth. In order to represent this 
variability, 7 very different soil series have been selected from the database. Their 
main differentiating properties have been summarised in Table 6.7.  
 
Table 6.7: Differentiating properties of the selected soil series 
soil series parent 
material 
texturea diagnostic 
horizon 
soil depth 
(m) 
drainage 
(-) 
slope 
(%) 
Duha shale > 65 oxic > 1.00 well 1 
Kabira shale 45 – 65 argillic > 1.00 well 5 
Kayanza granite 35 – 55  cambic 0.50 – 1.00 well 16 
Maya lava medial - 0.50 – 1.00 well 3 
Cyangugu basalt > 65 intergrade 
argillic - oxic 
> 1.00 well 7 
Nyamatebe alluvium > 55 cambic > 1.00 very 
poor 
4 
Muganza alluvium 25-55 cambic > 1.00 well 5 
a clay content (%) or textural modifier 
 
For a more detailed discussion of the water retention properties of each of these 
soil series, the reader is referred to Annex II.   
Climate 
Daily climatic data of an agricultural year, measured at 6 meteorological stations 
and located at different altitudes in several agricultural regions, has been used to 
reflect the spatial variability in climatic environments encountered in Rwanda. 
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Rainfall and temperature had been measured in many stations, while sufficient data 
concerning the relative humidity, actual sunshine hours and wind speed were only 
available at the airport of Kigali. The geographic position of the meteorological 
stations has been illustrated in Map 6.1; the annual climatic data have been 
summarised in Table 6.8. A more detailed discussion is given in Annex II.  
 
Table 6.8: Characterisation of the 6 selected meteorological stations 
station altitude 
 (m) 
agricultural year P
 (mm)
Tmax 
(°C)
Tmin  
(°C) 
Karama 1,403 ‘78 874 28.0 15.4 
Kigali 1,495 ‘85 1,005 26.7 15.6 
Kamembe 1,591 ‘75 1,476 25.5 13.7 
Gitarama 1,850 ‘88 1,183 25.7 11.6 
Musanze 1,880 ‘86 1,325 23.2 12.4 
Kitabi 1,975 ‘88 1,716 22.4 11.1 
 
Next to the spatial variability, the temporal variability had to be illustrated too. 
This was realised through the selection of a 6-year time series of daily climatic data 
measured at the airport of Kigali. The agricultural years from 1984 to 1989 were 
used for this purpose. While the average annual maximum and minimum 
temperatures varied only very little, the rainfall amounts and patterns were 
subjected to a great variability (Table 6.9). 
 
The total annual rainfall amounts varied between 980 mm and 1,154 mm. The 
agricultural seasons of some years, such as 1986, were characterised by a more or 
less regularly distributed moderate rainfall. In other years, such as in 1989, stormy 
rainfall events and dry periods alternated. Fig. 6.7 illustrates the variation in 
monthly rainfall measured during the 6 agricultural years.  
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Table 6.9: Average annual climatic data recorded in Kigali during 6 consecutive 
agricultural years 
agricultural year P (mm) Tmax (°C) Tmin (°C)
‘84 1,022 26.3 15.1
‘85 1,028 26.1 15.2
‘86 1,073 26.1 15.1
‘87 1,005 26.7 15.6
‘88 1,154 26.7 15.8
‘89 980 25.6 15.1
 
6.10.3. Sowing versus emergence 
Analysis of the simulation results giving the WPP of common bean, grown near 
Kigali during season A of the agricultural year 1987 (Annex II) revealed a serious 
shortcoming of the model. The modeller assumed that the sowing date coincided 
with the date of emergence, on October 1st. However, the first two weeks it rained 
insufficiently to cover the evaporation and transpiration requirements. 
Consequently, root growth was delayed and remained zero until October 15th, 
following a significant rainfall event. Meanwhile, 15 days of the crop cycle passed 
by, without any crop growth, but the LAI, assumed to evolve in an optimal way, 
increased anyway. In order to correct the model for these erroneous simulations, 
the following adaptations were introduced. 
 
At the beginning of the agricultural season, farmers check the rainfall pattern in 
order to identify the start of the rainy season. If it appears that rains have come, 
they sow their crops. From sowing to emergence, it takes some time for the crop to 
initiate the development of its root system, extract water from the topsoil and 
develop its initial leaves that emerge on the soil surface. Instead of determining a 
sowing date, the modeller identified an emergence date, based on the recorded 
rainfall pattern.  
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Emergence was activated by favourable conditions with respect to the soil moisture 
content of the topsoil, generally noted after some significant rainfall events. The 
initial rooting depth at emergence was assumed to be 0.10 m. As such, further root 
development depended on the soil moisture conditions of the subsoil that was not 
affected by water losses through evaporation from the barely covered soil surface. 
The impact of these corrections has been illustrated by repeating the simulations of 
example assuming that the crop emerged on the 15th of October 1986. Roots 
developed up to a depth of 0.60 m, while the WPP increased up to 2.3 t ha-1 
compared to 2.0 t ha-1 with the original model assumptions.  
6.10.4. Climate 
Spatial variability of rainfall 
The sensitivity of the model to changes in water supply has been analysed by 
simulating the production of common bean on a field with a degree of declination 
of 5 % and with the soil belonging to the Kabira series near the meteorological 
station of Karama (lowlands) and Kitabi (highlands). An average crop cycle length 
of 120 days has been assumed. The resulting RPP, WPP, and the ratio of both 
production levels, referred to as the water index αw, have been summarised in      
Table 6.10, together with the most important climatic parameters affecting crop 
growth.  
 
The strongly different climatic environments of Karama and Kitabi clearly had a 
significant impact on the performance of common bean. Near Karama, emergence 
has been delayed until October 20th following the relatively dry month of October. 
Consequently, the crop could only be harvested by the middle of February. During 
the crop cycle, water stress was very frequently occurring: during 112 of the      
120 days some water stress has been simulated in one or another soil compartment. 
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During the mid-season, it rained about every four days. In these dry tropical 
lowlands, water supply through rainfall thus was insufficient to meet the high water 
demands for evaporation and transpiration. Finally, root development was 
restricted to 0.54 m instead of the optimal rooting depth of 0.70 m and the WPP 
attained a value of 2.4 t ha-1 dry beans instead of 3.1 t ha-1 when the crop was 
optimally supplied with water.  
 
Table 6.10: Characterisation of the production environment and potential of 
common bean, cultivated during season A near Karama and Kitabi  
parameters units station 
  Karama Kitabi 
latitude (dd) -2.27 -2.55 
altitude (m) 1,403 1,975 
Tmean (°C) 21.8 16.8 
sun (h) 5.4 5.7 
annual rainfall (mm) 874.1 1,715.8 
seasonal rainfall (mm) 364.6 849.0 
rain frequency during mid-season (-) 3.7 1.9 
emergence  (-) 20th October ‘77 20th September ‘87 
max rooting depth (m) 0.54 0.70 
days of water stress (d) 112 40 
days of oxygen stress (d) 1 41 
RPP (t ha-1) 3.1 3.4 
WPP (t ha-1) 2.4 2.9 
αw
 (-) 0.77 0.85 
 
At the beginning season A, the climatic conditions recorded near Kitabi were 
favourable for crop growth. Since September significant rainfall events had been 
remarked regularly. The crop emerged by September 20th. During the crop cycle, 
the rainfall amount exceeded twice that recorded near Karama. Also the frequency 
of the rainfall events increased: on average, it rained every two days during the 
mid-season. The rooting system developed in an optimal way and in the end, only 
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15 % of the potential yield was lost, giving a WPP of 2.9 t ha-1 dry beans. Next to 
40 days with some water stress, the model simulated also 41 days characterised by 
the occurrence of oxygen stress. During November heavy rainfall resulted in an 
important fraction of the water supply running off. During several days, water 
ponds were left at the soil surface, while the percolation of the infiltrating rainwater 
was also limited in the Bt-horizon overlying the sombric horizon. The evolution of 
daily rainfall, maximum transpiration and actual transpiration simulated near 
Karama and Kitabi has been illustrated in Fig. 6.8 and 6.9. 
 
The above calculations illustrate that the DAMUWAB model is capable of 
simulating the water balance and the crop response in the very different rainfall 
zones present in Rwanda. Next to the spatial variability, the country is also 
characterised by a high temporal variability in rainfall amounts and patterns.    
Temporal variability of rainfall 
The impact of the temporal variability of the climatic conditions on the model 
response was assessed by simulating the production potentials of common bean, 
grown near Kigali during season A from the agricultural years from 1984 to 1989. 
Table 6.11 summarises the main properties characterising the different agricultural 
years, the RPP and the WPP.  
 
The temporal variability in recorded temperature and sunshine data is relatively 
low, characterising the tropical environment of Rwanda. Associated with small 
changes in incoming radiation and temperature, the RPP ranged between 2.5 and 
2.8 t ha-1. Unlike temperature, total annual rainfall, rainfall recorded during the 
agricultural season and frequency of moderate showers recorded during this short 
time-series showed a much more important variability. Nevertheless, their impact 
on the WPP clearly was smoothed and ranged from 2.0 to 2.5 t ha-1 dry beans.   
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Table 6.11: Characterisation of the production environment and potential of 
common bean, cultivated during season A in the agricultural years 
from 1984 to 1989 near Kigali   
parameter units agricultural year 
  1984 1985 1986 1987 1988 1989 
Tmean (°C) 20.4 20.4 20.8 20.7 21.2 20.3 
sun (h) 4.6 5.1 5.4 4.9 5.8 5.3 
Panna (mm) 1,022 1,028 1,073 1,005 1,154 980 
Pssonb (mm) 370 309 406 285 400 301 
Pfreq-midc (-) 4.5 2.6 3.6 2.4 7.2 3.6 
emergence (-) Oct. 10th Oct. 5th Oct. 1st Oct. 15th Oct. 20th Sep. 25th 
RPP (t ha-1) 2.5 2.7 2.7 2.5 2.8 2.8 
WPP (t ha-1) 2.4 2.5 2.4 2.3 2.0 2.5 
αw
 (-) 0.96 0.93 0.89 0.92 0.71 0.89 
aannual rainfall 
brainfall during the crop cycle 
cfrequency of moderate showers (> 3.0 mm) during the mid-season 
 
Generally, the WPP was about 2.3 to 2.4 t ha-1. Favourable growing conditions 
during season A of 1985 and 1989 resulted in an expected yield of 2.5 t ha-1, while 
adverse growing conditions during 1988 limited the WPP to 2.0 t ha-1. During this 
latter season, total rainfall was significantly higher than during the season A of 
1985. However, rainfall events in the beginning of the season were stormy, giving 
oxygen stress for several days, while the frequency of significant rainfall events 
decreased strongly during the second part of the season, resulting in yield 
reductions due to water stress. The evolution of rainfall and transpiration during 
season A of 1985 and 1988 has been illustrated in Fig. 6.10 and 6.11.  
 
Water supply through rainfall was best during season A of 1984, resulting in a 
water index of 0.96. Erratic rainfall delayed emergence until October 10th, but at 
that moment several rainy days replenished the soil moisture content over the 
maximum rooting depth. This soil moisture reserve was used during the short dry 
spells of the mid-season alternating with moderate showers. 
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The main determinants of the expected yields identified through this analysis were 
the rainfall totals recorded during the agricultural season and the frequency of 
significant showers during the mid-season, the most sensitive crop development 
stage to water stress. The impact of the rainfall pattern at the beginning of the 
season and associated sowing and emergence dates on the final production was 
limited in the case of common bean with a crop cycle length of only 90 days. If 
needed, sowing can be delayed for some time while respecting the fitting of the 
short crop cycle within the first agricultural season.  
 
Both the spatial and temporal variability in simulated crop performance indicate 
that total annual or seasonal rainfall amounts are not sufficient in explaining crop 
behaviour. The distribution of the rainfall events, particularly during the most 
sensitive crop growth stages, is equally important. It can be further stated that small 
differences in temperature and sunshine duration give more important differences 
in expected yields than does the availability of water and oxygen. This is only 
partly due to the fact that wetter years generally are cool and cloudy, while drier 
years are warm and sunny. The smoothing effect caused by temporarily stored soil 
moisture, and the increased water use efficiency of beans in harsh conditions, is not 
to be underestimated too.  
Combined effect of temperature and rainfall 
Agricultural regions in the Rwandan lowlands differ from their highland 
counterparts not only in rainfall amounts but also in significant changes in 
temperature regimes. The temperate climatic conditions of the highlands are 
associated to the selection of cultivars with a suited photosynthetic adaptability. 
Generally, crop growth is slower resulting in longer crop cycles. The combined 
effect of crop cycle length and availability of water has been illustrated by 
analysing modelling results for common bean cultivated near Karama in the 
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lowlands, near Musanze in the middle altitude regions and near Kitabi in the 
highlands. Crop cycle length of common bean increases from 90 days over         
120 days to 150 days, respectively.  
 
Dry weather during the months of September and October delayed sowing near 
Karama and the crop emerged only by October 25th. Because of the short crop 
cycle, harvest was possible on the 22nd of January, at the start of a short dry period. 
Due to regular water stress following dry spells, the total rooting depth was limited 
to 0.47 m and the RPP was reduced from 2.6 to 2.0 t ha-1 under rainfed conditions.  
 
In Kitabi several stormy rainfall events characterised the start of the first 
agricultural season. Emergence has been assumed to take place on September 20th, 
while the crop could only be harvested from the 16th of February. Because of the 
storms, the crop suffered from oxygen stress during its crop development phase. A 
strong decrease in rainfall frequency by the end of the crop cycle, corresponding to 
the short dry season, resulted in some water stress. Under these rainfed conditions, 
the expected yields amounted to 3.1 t ha-1 dry beans compared to 3.6 t ha-1 attained 
under optimal conditions. The longer crop cycle of beans cultivated in highlands 
resulted in a higher RPP compared to that simulated in the lowlands, while the 
wetter conditions also gave a higher water index. In the middle altitude regions, 
common bean developed within a period of 120 days.  
 
Favourable climatic conditions with regular moderate showers near Musanze 
during the crop cycle when beans emerged on the 15th of September of 1985, 
resulted in a WPP of 3.0 t ha-1 compared to a RPP of 3.2 t ha-1. A summary of the 
simulated production potentials and the main climatic characteristics during the 
crop cycle has been given in Table 6.12.  
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Table 6.12: Characterisation of the production environment and potential of 
common bean, cultivated during season A near Karama, Musanze 
and Kitabi  
parameters units station 
  Karama Musanze Kitabi 
annual rainfall (mm) 874 1,325 1,716 
seasonal rainfall (mm) 342 488 976 
crop-development rainfall (mm) 90 134 381 
mid-season rainfall (mm) 134 251 315 
frequency crop development rain (-) 3.8 2.3 1.5 
frequency mid-season rain (-) 4.5 2.0 2.6 
crop cycle length (d) 90 120 150 
emergence (-) Oct. 25th,’77 Sep. 15th,‘85 Sep. 20th,‘87 
RPP (t ha-1) 2.6 3.2 3.6 
WPP (t ha-1) 2.0 3.0 3.1 
αw
 (-) 0.77 0.94 0.86 
 
The most favourable growing conditions were found in the middle altitude regions 
characterised by favourable water supply conditions during the intermediately long 
lasting crop cycle. Under these favourable conditions, crops with a relatively short 
crop cycle can be cultivated twice in sequence on the same field. In the lowlands, 
insufficient water supply limits the feasibility of this management choice, while 
low temperatures in the highlands slow down crop development and significantly 
extend the cycle duration of most crops, thereby limiting the possibilities for 
sequence cropping although water supply is not restricting at all. Nevertheless, it 
should be remarked that in middle altitude regions where the length of the 
agricultural season is limited, the longer crop cycle compared to the lowlands, also 
increases the risk for water stress during dry spells.  
 
 
 
Chapter 6  
 
296 
6.10.5. Landscape 
Many cultivated fields are located on hill slopes with a varying degree of 
declination. Through its impact on water and nutrient availability, this parameter 
can affect yields seriously. At the second level of the crop growth model, the 
degree of declination determines the maximum amount of water that can be stored 
in ponds on the soil surface. It thus indirectly affects the partitioning of rainfall 
water over infiltration, surface storage and run-off. In order to analyse the model 
performance with respect to this parameter, common bean production in Kigali 
during the agricultural years 1985 and 1986, when sown on a field with the soil 
belonging to the Duha soil series and characterised by a varying degree of 
declination has been simulated. The surface roughness equals 80 mm in the 
beginning of the crop cycle, following the preparation of the field, but decreases to 
20 mm at the end of the crop cycle due to the progressive impact of high intensity 
raindrops. A summary of the production potentials, total run-off and number of 
run-off events during the four seasons for different degrees of declination has been 
given in Table 6.13. For level fields, two different cases have been assumed. 
According to the original modelling procedure, the maximum surface storage of 
level fields is limited. During stormy rainfall events it was regularly exceeded and 
generated run-off. Alternatively, it was assumed that the surface storage capacity of 
level fields was never limiting, restricting the occurrence of run-off to sloping 
areas. 
Agricultural year 1985 
Rainfall events exceeding 30 mm and falling on the moist topsoil or occurring for 
several consecutive days triggered run-off during three of the four seasons that 
were analysed. During season A of 1985, rainfall intensity was low to moderate, 
except for one rainfall event of 36 mm, recorded on October 6th. After the long dry 
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season, the soil moisture reserve was depleted. Consequently, most of the water 
supply could infiltrate in the topsoil during the same day, while the excess of water 
was stored in large ponds on the recently ploughed, rough and sloping surface.  
 
Table 6.13: Production potential, water index, run-off and number of run-off events 
during the agricultural years 1985 and 1986 when common bean is 
cultivated near Kigali on a field with a varying degree of declination  
year season declination RPP WPP αw SRa SREb 
 (%) (t ha-1) (t ha-1) (-) (mm) (-) 
0-no runoff 
0 
10 
 
A 
20 
2.7 2.5 0.93 0 0 
0-no runoff 0 0 
0 87 4 
10 105 4 
1985 
B 
20 
2.8 2.2 0.79
118 5 
0-no runoff 2.4 0.89 0 0 
0 17 1 
10 23 1 
A 
20 
2.7
2.3 0.85
28 1 
0-no runoff 0 0 
0 10 1 
10 17 2 
1986 
B 
20 
2.5 2.4 0.96
21 3 
a run-off 
b number of run-off events 
 
Unlike the first agricultural season, season B was characterised by several 
rainstorms during April, generating a lot of run-off. On April 9th it rained 59 mm 
on the topsoil with a moisture content of 22 cm³ cm-³. Of the water supplied at the 
10% sloping surface, 22 mm infiltrated, saturating the topsoil, while 24 mm was 
stored in ponds. The maximum surface storage was not capable of storing all the 
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excess water, and 13 mm was lost through run-off. Also during the following days, 
it kept on raining, with a new storm of 64 mm arriving on April 12th. On the 
already saturated topsoil, 71 mm of water was lost through run-off on the 12th and 
13th of the same month. The estimated run-off values increased with increasing 
degrees of declination. By the end of April, on the 24th and 25th it rained 34 and 35 
mm respectively. Depending on the degree of declination, this generated run-off on 
April 25th or on both days.  
 
Although the water balances were characterised by differences in run-off, the 
degree of declination didn’t significantly affect the final WPP. Season A was 
characterised by a favourable production environment, while yields were reduced 
during season B following oxygen stress in the topsoil during April and water 
stress during May.  
 
Fig. 6.12 and 6.13 illustrate the evolution, during season B, of the soil moisture 
stored in the topsoil and in the compartment from 0.50 to 0.60 m, on a flat field 
(SM-0) and on a field characterised by a slope gradient of 20 % (SM-20). For 
simulating the water balance of the flat field, three different modelling procedures 
have been applied: (1) with run-off (SM-0-SR), (2) without run-off (SM-0-NSR) 
and (3) without run-off, but with a reversed water uptake pattern (SM-0-NSRR).  
The topsoil moisture contents at saturation (SMst), field capacity (SMfc) and 
wilting point (SMwp) are 43, 25 and 20 vol%, respectively. In the subsoil 
compartment, moisture contents of 48, 26 and 20 vol% have been recorded at these 
selected matric potentials. The critical soil moisture content for aeration (SMos) 
equals 33 and 38 vol% in the topsoil and subsoil compartment, respectively. Water 
stress can be expected when the moisture content (SMws) falls below about      
22.5 vol%, while air-dry soil is characterised by a moisture content (SMad) of        
7 vol%. Fig. 6.14 illustrates the evolution of the maximum (Tm) and actual 
transpiration (Ta) of the crop according to these different model runs.      
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In the upper soil compartments, the negative impact of water excess and water 
shortage was significantly reduced through reversing the root water uptake pattern. 
In this modified water balance, giving more weight to the deepest rooted zones, the 
final impact of oxygen stress at the surface was reduced, while the high amount of 
water stored in the subsoil was used at the start of the dry season. This was 
especially important in level areas where most water supplied at the surface also 
infiltrated. This small change in modelling procedure resulted in a WPP of           
2.5 t ha-1 dry beans in level areas and 2.3 t ha-1 dry beans where slopes declined by 
10 %. Severe run-off on steeper slopes, limited the replenishment of the soil water 
reserve and consequently, no beneficial effects were remarked when reversing the 
uptake pattern. In these cases, the WPP remained unchanged at 2.2 t ha-1.  
Agricultural year 1986 
From the above discussion on run-off events during the two agricultural seasons, 
one might be tempted to believe that numerous and important run-off events are to 
be expected during season A. Application of the same analysis to the following 
agricultural year, however, revealed a different situation.  
 
During the first season of 1986, intense rainfall events had been recorded on 
November 10th and from November 19th to 21st. At the time of the first event, the 
uptake capacity of the topsoil and the maximum surface storage were sufficient to 
store this water supply temporarily. During the latter three consecutive intense 
showers, however, the surface storage capacity was exceeded resulting in run-off 
on November 21st. The amount of water lost through this process ranged from 0 on 
level fields to 28 mm where the slope declined by 20 %. On level fields where all 
water supplied at the surface was allowed to infiltrate, the WPP amounted to        
2.4 t ha-1 dry beans. On fields where part of the rainfall was lost through run-off, 
the WPP was slightly less, equalling 2.3 t ha-1. Also in this case, the advantages of 
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replenishment of the soil water reserve clearly surpassed the disadvantages of 
temporarily waterlogging.  
 
During season B, more favourable climatic conditions gave a WPP of  2.4 t ha-1, 
compared to a RPP of 2.5 t ha-1. Rainfall slightly exceeded the critical intensity of 
30 mm d-1 on April 6th, 11th, and 26th. Depending on the slope steepness, 1, 2 or 3 
run-off events have been simulated. Compared to season B of 1985, severe storms 
were not occurring, giving much lower run-off losses.  
Conclusions 
In flat areas, frequent high intensity rainfall resulted in continued waterlogging and 
the actual transpiration rate was reduced due to oxygen stress. These unfavourable 
growth conditions disappeared quickly where the fields were somewhat sloping 
and excess of rainfall water was removed through run-off. The water ponding at the 
soil surface was quite rapidly consumed or evaporated, and favourable crop growth 
circumstances were restored. On the other hand, the ponding water infiltrated 
slowly and increased the soil water reserve of flat areas. At the start of the dry 
season, the topsoil dried out quickly, but the higher subsoil water reserve 
guaranteed a longer water supply to the roots. In sloping areas, the limited soil 
water reserves were faster depleted. The higher the degree of declination, the 
shorter the period of waterlogging, but the lower the soil water reserves at the end 
of the season. The final impact on crop yield in Rwanda remained limited to 
insignificantly small differences within the order of some kilograms. However, 
indirect effects of nutrient losses through erosion that had not been taken into 
account at this level of the crop growth model, will certainly affect crop growth on 
the steeper sloping fields. Influences of waterlogging or water stress on the quality 
of the harvested product had been neglected as well. Graphs illustrating the periods 
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of unfavourable crop growth conditions, however, help considerably in drawing 
conclusions based on field knowledge.  
6.10.6. Soil 
Soil depth 
In order to unambiguously analyse the importance of soil depth for crop 
production, growth and production of common bean during the first season of 1985 
near Kigali on a 1% sloping field with a soil belonging to the Duha soil series and 
variable soil depth has been simulated. An optimal rooting depth of 0.70 m has 
been assumed. As long as the soil depth was not restricting root development, the 
WPP attained 2.5 t ha-1 dry beans. Where roots were stopped at 0.60 m, a small but 
insignificant decrease in WPP had been simulated. Cultivation on more shallow 
soils negatively affected crop growth giving a WPP of about 2.2 to 2.3 t ha-1. Table 
6.14 summarises the results of the different simulation runs. The irregularity in 
WPP noted at a 0.30 and 0.40 m deep soil is due to the change in water uptake 
pattern of the roots. Up to 0.30 m, root water uptake was not differentiated, while 
for deeper root zones, the uptake capacity decreased with depth. 
 
Table 6.14: WPP of common bean, cultivated during season A of the agricultural 
year 1985 near Kigali on a 1 % sloping field with a soil of the Duha 
series  
max. soil depth (m) WPP (t ha-1) 
0.20 2.2 
0.30 2.3 
0.40 2.2 
0.50 2.4 
0.60 2.5 
0.70 2.5 
0.80 2.5 
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Water holding capacity 
Water management on soils developing from very different parent materials and/or 
characterised by a different degree of development, can be strongly variable. The 
water holding capacity of each of the soils belonging to the Cyangugu, Duha, 
Kabira, Kayanza, and Maya soil series has been described in Annex IV. Several 
simulation runs were analysed in order to assess the changes in water balance 
parameters and crop yield originating from different water retention properties. 
Table 6.15 summarises the maximum soil depth (SDmax), maximum rooting depth 
(RDmax), soil moisture content at wilting point (SMwp), at field capacity (SMfc), 
and at saturation (SMst), average water holding capacity within the rooting depth 
(WHC) of the different soil series, and the resulting potential production (RPP, 
WPP) of common bean, cultivated during the agricultural year 1985 on these 
different soils.  
 
First, the model was run to give the production of common bean in season A of 
1985, sown under climatic conditions that were comparable of those recorded in 
Kigali, on a 5 % sloping field with the soil belonging to very different soil series. 
When grown on the Duha, Kabira, or Kayanza soil series, this crop attained a WPP 
of 2.5 t ha-1. On the volcanic material of the Maya series, the WPP reduced to     
2.4 t ha-1, while 2.3 t ha-1 dry beans could be expected on the fine clayey, basaltic 
Cyangugu series. Under the climatic conditions of this season, a high water holding 
capacity apparently was not improving crop performance, on the contrary. Analysis 
of the moisture content within the different soil compartments revealed the main 
determinants of this crop behaviour. The amount of water percolating through the 
maximum lower root zone boundary was 53 mm in the Duha series but attained 
only 8 mm in the Maya series. Moreover, in this latter profile, during the vegetative 
phase of the developing crop, the wetting front reached only 0.40 m deep, limiting 
root development seriously. 
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Table 6.15: Maximum soil depth, maximum rooting depth, average soil moisture 
content at wilting point, at field capacity and at saturation, average 
water holding capacity and potential production of common bean, 
cultivated during the agricultural year 1985 near Kigali on different 
soil series 
soil series SDmax RDmax SMwp SMfc SMst WHC RPP WPP 
(-) (m) (m) (vol%) (mm m-1) (t ha-1) (t ha-1) 
season A 
Duha 1.65 0.70 21 26 45 50 2.7 2.5 
Kabira 1.60 0.70 23 32 46 80 2.7 2.5 
Kayanza 0.93 0.70 12 19 35 70 2.7 2.5 
Maya 0.60 0.40 26 41 62 150 2.7 2.4 
Cyangugu 0.90 0.70 36 39 60 30 2.7 2.3 
season B 
Duha 1.65 0.70 21 26 45 50 2.8 2.2 
Kabira 1.60 0.70 23 32 46 80 2.8 2.3 
Kayanza 0.93 0.70 12 19 35 70 2.8 2.3 
Maya 0.60 0.60 26 41 62 150 2.8 2.1 
Cyangugu 0.90 0.70 36 39 60 30 2.8 2.5 
 
According to the tipping bucket water transport model, the subsoil is wetted only if 
the moisture content of the overlying compartment exceeds field capacity. After the 
long dry season, the soil water reserves were only replenished very slowly, 
especially with the erratic rainfall characterising the first part of the season. 
Consequently, water moves down much slower in the Maya series, characterised 
by a high water retention capacity, than in the Duha series, thus limiting crop 
performance. This is also illustrated in Fig. 6.15, giving the actual soil moisture 
profile (SMact) and the critical soil moisture content for water uptake (SMws) of 
the Duha and Maya soil series at the beginning of each new development stage    
(in = initial, cd = crop development, ms = mid-season, ls = late season) of common 
bean.    
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In the Cyangugu series, the wetting front proceeded fast, even though the absolute 
moisture content at field capacity was relatively high. An explanation is found in 
the small difference between soil moisture at wilting point and field capacity. At 
the beginning of the season, the water content of all subsoil compartments had been 
assumed at wilting point. Consequently, only small amounts of infiltrating water 
initiated the percolation of water through the subsoil. Yet, the same water retention 
properties significantly reduced crop performance because of the low amount of 
soil water that was actually available.  
 
Additionally, the crop cycle length of common bean, grown during season A, was 
increased from 90 to 120 days. Higher infiltrating rainfall amounts during the first 
part of the crop cycle and several dry periods during its last part favoured crop 
production on the soils with the highest water holding capacities. A WPP of        
2.5 t ha-1 was attained on soils of the Maya, Kayanza and Kabira series. On the 
Duha series, about 2.4 t ha-1 dry beans were to be expected, while 2.2 t ha-1 dry 
beans were to be harvested on the Cyangugu series.     
 
During a second modelling experiment, the performance of common bean on the 
same soils, but during season B of 1985 was simulated. Fig. 6.16 illustrates the soil 
moisture profile of the Duha and Maya series at the start of each new crop 
development stage. Crop production improved with increasing water holding 
capacity of the soil. The increased amount of water percolating through the 
maximum lower root zone boundary, being 139 and 79 mm on the Duha and Maya 
series, respectively, illustrates the more humid conditions during this season. This 
was not necessarily due to higher rainfall amounts during the crop cycle itself. Also 
the more humid conditions during the short dry season separating the two 
agricultural seasons, significantly contributed to this increased soil moisture 
content.  
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Under these growing conditions, the higher water holding capacity of the recent 
volcanic Maya soil reduces run-off losses during stormy rainfall events and 
guarantees the water supply during a large part of the dry season. As such, the 
WPP of common bean increased compared to the first season and attained            
2.5 t ha-1. The lowest production potential has been simulated when beans were 
grown on the Cyangugu soil, characterised by the lowest water holding capacity of 
the soil series used for this analysis. Of the other three soil profiles that were 
equally performing during the first season, the most strongly weathered Duha soil 
gave the lowest production potential, being 2.2 t ha-1 dry beans. A WPP of 2.3 t ha-1 
was simulated for common bean grown on the strongly weathered Kabira series 
and the moderately weathered but stony Kayanza series.  
 
Although these results seem to be correct from a theoretical viewpoint, the 
accuracy of the model results is strongly limited by the simplicity of the water 
transport model used. Another point of discussion is the infiltration of water 
through the paralithic and lithic contacts. Although the moisture retention 
properties of the saprolite regularly have been measured, no information was 
available with respect to water retention capacity of the fresh lava, granite or schist 
material. In order to simulate the effect of a contact hampering water percolation, 
the maximum daily percolation rate through the lower soil compartment above the 
hard rock of the Duha soil and the fresh lava of the Maya soil was set at 0 mm. No 
differences were noted when the simulation was repeated for with the 1st season 
climatic data. During the second season, a perched water table developed in the 
saprolithic material of the Duha soil and finally reached up to a depth of 0.70 m. 
Reversing the water uptake pattern of the roots, giving more weight to those near 
the water table, increased the WPP up to 2.4 t ha-1. The formation of a perched 
water table on the fresh lava in the Maya profile, however, resulted in waterlogging 
during the second part of the crop cycle and the production potential decreased to 
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1.5 t ha-1 dry beans. Actually, the infiltration rates of water within both rocks is 
neither endless nor zero, and consequently the real world growing conditions might 
be something in between these two extremes.   
Groundwater table 
Next to the agricultural seasons A and B, corresponding to the short and long rainy 
season, respectively, some crops are cultivated in the valleys during the dry season. 
Crops growing on these valley soils are often supplied with water from a nearby 
groundwater table. The modelling capacity and predictive power of the model, 
when run on these imperfectly to poorly drained soils, has been illustrated by 
simulating common bean production during the third season of 1985 in a flat valley 
nearby Kigali with soils belonging to the Muganza and Nyamatebe series. Both 
series were taken into consideration because of their very different textures. The 
sandy loam soils of the Muganza series actually are well-drained, but for the 
sensitivity analysis, a water table at varying depth had been assumed. A clay loam 
texture and the presence of a shallow water table characterises the Nyamatebe 
series.  
 
In the absence of capillary rise from a groundwater table, crop production was 
seriously restricted during the completely dry month of July. In the imperfectly 
drained valleys, however, the soil water reserve has been replenished considerably 
and often the groundwater table rises close to the surface after the heavy rainfall of 
April. During the long dry season, with the developing and transpiring crop, this 
groundwater level decreases again. Farmers cultivating valley soils are able to 
select the best sowing period based on the moisture content of the topsoil and the 
related depth of the water table. Simulation of this particular land use system was 
hampered by the assumption of a constant water table depth. Within such a model, 
optimal growing conditions are guaranteed when capillary rise from the 
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groundwater table supplies water to the root zone, while the capillary fringe 
remains located below the root zone, in order to avoid oxygen stress due to 
waterlogging. 
 
A summary of the resulting WPP attained in the consecutive simulation runs has 
been given in Table 6.16. The very sharp boundary between sufficient water supply 
and water shortage follows from the model assumptions required to overcome the 
lack of data concerning the water retention properties.  
 
Table 6.16: WPP of common bean, cultivated during season C of the agricultural 
year 1985 near Kigali on soils of the Muganza and Nyamatebe series 
with a water table at variable depth.(RPP = 2.9 t ha-1)  
soil series depth groundwater table WPP 
 (m) (t ha-1) 
Muganza 0.40 1.9 
 0.60 2.8 
 0.80 2.9 
 1.00 2.9 
 >3.00 1.6 
Nyamatebe 0.40 1.9 
 0.60 1.7 
 0.60, irrigation brings topsoil at field capacity 2.2 
 0.80 1.7 
 1.00 1.7 
 >3.00 1.7 
 
In the Muganza soil, capillary rise at a rate of 5 mm d-1 over the complete root zone 
is possible with the water table at a depth of 1.50 m or less. Simulations were run 
with the water table at 1.00 m and 0.80 m, and in both cases the WPP attained the 
level of the RPP, being 2.9 t ha-1. If the water table was assumed to occur at 0.60 m 
depth, production of dry beans was slightly reduced because of the sub-optimal 
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development of the root system to attain 2.8 t ha-1. A further increase of the water 
table, to reach a depth of only 0.40 m, significantly reduced crop performance 
because of waterlogging in a large part of the root zone. With the roots active in 
water uptake concentrated in the upper 0.30 m, the WPP further decreased to      
1.9 t ha-1 dry beans. 
 
Similar results were found when considering the Nyamatebe soil. Nevertheless, 
because of the limited capillary rise in the clay loam material, the groundwater 
table needed to be close to the surface in order to supply some water to the 
transpiring crop. With the water table at 1.00, 0.80 and 0.60 m depth, crop growth 
was seriously hampered. When the water table was assumed at 0.40 m below the 
soil surface, capillary rise up to the topsoil contributed to evaporation and crop 
transpiration. However, at that moment, the negative impact of oxygen stress in the 
lower root zone reduced the final production potential. Additionally, it was 
assumed that the farmer applied some irrigation at the start of the season in order to 
bring the topsoil moisture content near field capacity. With the groundwater table 
at 0.60 m, this practice resulted in a WPP of 2.2 t ha-1 whereas without irrigation 
the topsoil remained too dry to trigger emergence. During the first part of the crop 
cycle, the actual transpiration decreased gradually with the consumption of the 
water reserves in the upper two soil compartments (Fig. 6.17). When some rainfall 
events moistened the topsoil during the second part of the cycle, the actual 
transpiration rate increased considerably.  
 
The maximum transpiration rate during the long warm and dry season was quite 
high, attaining 7 mm d-1 during the flowering and yield formation period. During 
the first agricultural season the maximum transpiration rate attained values of         
6 mm d-1. The lowest water demands were to be expected during the cloudy second 
season, with the maximum transpiration rate of beans varying between 1 and          
5 mm d-1. 
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6.10.7. Management 
Choice of the agricultural season 
This part of the analysis searched for an answer to the question whether one season 
is to be preferred over another season based on differences in RPP and WPP. The 
crop production potentials of common bean cultivated on a Duha soil near Kigali 
during season A of the years from 1984 to 1989 have already been discussed 
previously. Additionally, the production potential of this crop during season B was 
simulated too. A comparison of the results has been summarised in Table 6.17. 
 
Table 6.17: Production potential of common bean, cultivated in the agricultural 
years from 1984 to 1989 near Kigali on a soil of the Duha series  
year 1984 1985 1986 1987 1988 1989 
 season A 
emergence Oct. 10th Oct. 5th Oct. 1st Oct. 15th Oct. 20th Sep. 25th 
RPP (t ha-1) 2.5 2.7 2.7 2.5 2.8 2.8 
WPP (t ha-1) 2.4 2.5 2.4 2.3 2.0 2.5 
αw
 (-) 0.96 0.93 0.89 0.92 0.71 0.89 
season B 
emergence Mar. 1st Feb. 20th Mar. 1st Feb. 25th Feb. 20th Mar. 10th 
RPP (t ha-1) 2.9 2.6 2.5 2.8 2.6 2.7 
WPP (t ha-1) 2.5 2.3 2.3 2.4 2.4 2.4 
αw
 (-) 0.86 0.88 0.92 0.86 0.92 0.89 
 
Higher incoming radiation and more favourable thermal conditions slightly 
increased the RPP of season A compared to season B in four out of the six years. 
Whereas the WPP varied between 2.3 and 2.5 t ha-1 dry beans in the latter season, a 
WPP between 2.0 and 2.5 t ha-1 dry beans has been simulated during the former 
season. As such, the WPP of season B varied much less over the different years 
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than that recorded in season A. Crop performance during season A predominantly 
depended on the start of the rains and the time of occurrence, length and intensity 
of the short dry season. During some years, the rains arrived only in the second part 
of October, giving an additional risk for crop failure if the short dry season was 
clearly expressed. This was the case for season A of 1988, during which the RPP is 
reduced by 29 % following water stress. In season B, variable rainfall amounts 
during the first weeks of March and small variations in the start of the long dry 
season generated some variability in crop performance. The higher soil water 
reserves at the start of the season, however, clearly smoothed the impact of 
variations in actual rainfall.  
 
Analysis of this short time-series didn’t indicate the higher yield potential of the 
one season compared to the other. During the agricultural years 1984, 1985 and 
1987, the water index was higher in season A than during season B. The opposite 
was true during the years 1986 and 1988. In the agricultural year 1989, the RPP 
was reduced by 11 % in both seasons. Climatic conditions and crop performance 
also appeared to be strongly variable within the same year. During 1988, rainfed 
crop production was strongly reduced during season A, while favourable growing 
conditions characterised season B.   
 
In summary, season A is characterised by lower total rainfall amounts and a 
decrease in rainfall amounts by the end of the season, but without resulting in a 
strongly expressed dry season. Total rainfall during season B is much higher, and 
often corresponds to frequent rainstorms in April. This, however, is followed by a 
strongly expressed and abruptly starting dry season. These differences in climatic 
conditions do not only affect the total biomass production but also the yield quality, 
a parameter that has not been assessed by the crop growth model, but that should 
be equally taken into account.  The farmer’s choice for cultivating that or another 
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crop in one of the two seasons thus may depend on the influence of rainfall 
intensity on the quality of the harvest product. Crops that are very sensitive to 
waterlogging may give lower quality products when cultivated in relatively flat 
areas during season B, than when cultivated in season A. Drought tolerant crops 
might be selected for late cultivation in season B, withstanding the abrupt start of 
the dry season better than other crops.  
Choice of the sowing date 
While it is easy for the modeller to determine the most suitable sowing date when 
using historical rainfall records, the farmer can’t predict the rainfall pattern that 
will determine the performance of his crop. In reality, he will choose an 
appropriate sowing date at the beginning of each season, based on the actually 
observed rainfall pattern, his knowledge, and experience. The date of emergence 
will not only depend on the initial soil moisture profile, but also on the rainfall 
pattern of the following days. Different simulation runs were performed to analyse 
the impact of the delayed emergence of common bean, sown near Kigali during the 
agricultural years 1986 and 1987. The selected emergence dates, RPP, WPP, and 
water index have been summarised in Table 6.18.  
 
During season A of 1986, rains came quite early, while the rainfall events of 
December and January were erratic and of low intensity. Consequently, delay of 
the sowing practices reduced the potential production. The short rainy season of the 
agricultural year 1987 started only late in October, while it kept on raining 
regularly during December. It was only in January that a short dry season was to be 
remarked. Delaying the sowing date until October 10th appeared to be favourable. 
Dry weather at the start of the dry season, however, reduced crop performance 
when sown later.  
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Table 6.18: Emergence date, production potentials and water index of common 
bean, cultivated during the agricultural years 1986 and 1987 near 
Kigali on a 5 % sloping field with a soil of the Duha series 
agric. year season emergence RPP WPP αw 
   (t ha-1) (t ha-1) (-) 
1986 A September 20th 2.7 2.5 0.93 
  October 1st 2.7 2.4 0.89 
  October 10th 2.7 2.2 0.81 
  October 20th 2.7 2.1 0.78 
 B February 20th 2.6 2.3 0.88 
  March 1st 2.5 2.4 0.96 
  March 10th 2.6 2.4 0.92 
  March 20th 2.7 2.4 0.89 
1987 A September 20th 2.5 2.1 0.84 
  October 1st 2.5 2.1 0.84 
  October 10th 2.5 2.4 0.96 
  October 20th 2.5 2.3 0.92 
 B February 20th 2.8 2.4 0.86 
  March 1st 2.8 2.5 0.89 
  March 10th 2.7 2.5 0.93 
  March 20th 2.6 2.5 0.96 
 
If the crop emerged on March 1st of the agricultural year 1986, the best production 
potential of season B was simulated. At that moment, regular rainfall events 
supplied the developing crop, while also the rainfall frequency at the end of the 
season was still sufficient. During season B of 1987, the relatively dry period 
occurring at the end of March dominated crop performance. If the crop was sown 
early, this period coincided with a part of the most water-stress sensitive 
development stage. If the crop emerged later during the season, the water 
requirements were much smaller at the end of March and a large part of these 
demands was met by the soil water reserves. Nevertheless, during season B, the 
differences in crop performance were only limited and the choice of the sowing 
date seemed less crucial.  
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The differences in rainfall pattern thus are very well reflected in the simulated crop 
performance. During the first season of the agricultural year, the soil water reserves 
are depleted and regular moderate rainfall events are required in order to allow 
optimal crop growth and replenish the soil water reserves. The farmers face a 
dilemma when selecting the best sowing date. On the one hand, they have to take 
into account the erratic start of the rains in September to October, but on the other 
hand, the length of this season is limited in December or January by the variable 
start and intensity of the short dry season. Crops cultivated in season B can extract 
water from the deeper soil compartments that were sufficiently moistened during 
season A and during the short dry season. Consequently, the initial crop growth is 
much less dependent on the frequency and intensity of the rainfall events at the 
beginning of the crop cycle. The soil water reserves built up after the heavy rainfall 
of April are needed to supply water at the start of the long dry season. 
 
Additional simulation runs assuming a crop cycle length of 120 days instead of    
90 days revealed a different pattern (Table 6.19). The WPP of beans with a longer 
crop cycle cultivated in season A attained only the same level as during the 
previous simulation runs, although a significantly higher RPP had been simulated. 
The occurrence of water stress during the mid-season stage was at the origin of this 
crop behaviour.  
 
In season A of 1986, early sowing appeared to be the best strategy, also for a crop 
with a longer development cycle, as the dry weather of the short dry season thus 
reduced transpiration only by the end of the crop cycle. The later the sowing date, 
the more the mid-season stage was pushed inside the short dry season, followed by 
serious water stress. During 1987, a compromise had to be taken between avoiding 
water stress during the initial development stage, as rains came only by the end of 
Chapter 6  
 
320 
October, and protecting the flowering and yield formation stage from the water 
stress conditions characterising the short dry season.  
 
Table 6.19: Emergence date, production potentials and water index of common 
bean, cultivated during the agricultural years 1986 and 1987 near 
Kigali on a 5 % sloping field with a soil of the Duha series, assuming 
a crop cycle length of 120 days 
agric. year season emergence RPP WPP αw 
 (-) (-) (t ha-1) (t ha-1) (-) 
1986 A September 20th 3.0 2.5 0.83 
  October 1st 3.0 2.4 0.80 
  October 10th 3.0 2.3 0.77 
  October 20th 3.0 2.2 0.73 
 B February 20th 3.0 2.7 0.90 
  March 1st 3.1 2.7 0.87 
  March 10th 3.2 2.5 0.78 
  March 20th 3.1 2.4 0.77 
1987 A September 20th 2.8 2.2 0.79 
  October 1st 2.9 2.5 0.86 
  October 10th 2.9 2.5 0.86 
  October 20th 2.9 2.4 0.83 
 B February 20th 3.1 2.8 0.90 
  March 1st 3.0 2.7 0.90 
  March 10th 3.1 2.7 0.87 
  March 20th 3.0 2.6 0.87 
 
In season B, the WPP of crops developing within 120 days is higher than that of 
the crops with a short cycle. Nevertheless, the simulations for both agricultural 
years pointed towards a decrease in crop production when sowing practices were 
delayed. Crops developing in four months or more and cultivated during the second 
agricultural season therefore should be sown from half February to the beginning 
of March in order to avoid severe water stress at the end of the crop cycle. The 
higher soil water content at the beginning of the long rainy season and the much 
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more abrupt and regular start of the long dry season over the different years 
facilitate the selection of an appropriate sowing date, based on the crop cycle 
length.  
6.10.8. Crop 
Strongly variable climatic conditions found in the different agricultural regions of 
Rwanda allow the production of a whole range of temperate and tropical crops. A 
crop growth model can be useful in determining the agricultural specialisation of 
each zone, or to evaluate the potentials of alternative crops. For the actual analysis, 
the seasonal production of five important crops growing under very different 
climatic and edaphic conditions has been simulated.  
Crops of the lowlands 
In order to illustrate variability in crop performance in lowland areas, the 
production potentials have been simulated for common bean, groundnut, maize and 
sorghum, cultivated near Karama during the agricultural year 1978 and near Kigali 
in the agricultural year 1985. The results have been summarised in Table 6.20. 
 
In Karama, the first agricultural season was characterised by low rainfall amounts 
and water stress reduced the WPP of the three crops with about 20 %. According to 
the model, common bean performed best, followed closely by maize and 
groundnut. Root development of all three crops was restricted due to the limited 
depth of the wetting front at the time of root development.  Consequently, crops 
with a deeper potential rooting depth did not perform any better. 
 
Ch
ap
te
r 6
 
 
 
32
2 
Ta
bl
e 
6.
20
: 
Em
er
ge
nc
e 
an
d 
ha
rv
es
t 
da
te
s, 
m
ax
im
um
 r
oo
tin
g 
de
pt
h,
 R
PP
, W
PP
 a
nd
 w
at
er
 i
nd
ex
 o
f 
th
e 
se
le
ct
ed
 l
an
d 
ut
ili
sa
tio
n 
ty
pe
s i
n 
th
e 
lo
w
la
nd
s  
st
at
io
n 
so
il 
se
as
on
 
cr
op
 
em
er
ge
nc
e 
ha
rv
es
t 
RD
m
ax
 (m
) 
RP
P 
(t 
ha
-1
) 
W
PP
 (t
 h
a-
1 ) 
α
w
 (-
) 
K
ar
am
a 
D
uh
a 
A
 
gr
ou
nd
nu
t 
20
-O
ct
-7
7 
16
-F
eb
-7
8 
0.
62
 
2.
4 
1.
9 
0.
79
 
 
 
 
co
m
m
on
 b
ea
n 
25
-O
ct
-7
7 
22
-J
an
-7
8 
0.
62
 
2.
6 
2.
1 
0.
81
 
 
 
 
m
ai
ze
 
20
-O
ct
-7
7 
16
-F
eb
-7
8 
0.
96
 
5.
9 
4.
6 
0.
78
 
 
 
B
 
gr
ou
nd
nu
t 
01
-M
ar
-7
8 
28
-J
un
-7
8 
0.
70
 
2.
4 
1.
9 
0.
79
 
 
 
 
co
m
m
on
 b
ea
n 
01
-M
ar
-7
8 
29
-M
ay
-7
8 
0.
70
 
2.
7 
2.
2 
0.
81
 
 
 
 
so
rg
hu
m
 
01
-J
an
-7
8 
29
-J
un
-7
8 
1.
50
 
5.
0 
4.
6 
0.
92
 
K
ig
al
i 
D
uh
a 
A
 
gr
ou
nd
nu
t 
05
-O
ct
-8
4 
01
-F
eb
-8
5 
0.
70
 
2.
4 
1.
9 
0.
79
 
 
 
 
co
m
m
on
 b
ea
n 
10
-O
ct
-8
4 
07
-J
an
-8
5 
0.
70
 
2.
7 
2.
4 
0.
89
 
 
 
 
m
ai
ze
 
05
-O
ct
-8
4 
01
-F
eb
-8
5 
1.
30
 
5.
7 
4.
9 
0.
86
 
 
 
B
 
gr
ou
nd
nu
t 
20
-F
eb
-8
5 
19
-J
un
-8
5 
0.
70
 
2.
4 
2.
0 
0.
83
 
 
 
 
co
m
m
on
 b
ea
n 
20
-F
eb
-8
5 
20
-m
ay
-8
5 
0.
70
 
2.
6 
2.
3 
0.
88
 
 
 
 
so
rg
hu
m
 
01
-J
an
-8
5 
29
-J
un
-8
5 
1.
50
 
4.
9 
4.
5 
0.
92
 
 
322 
Water-Limited Production Potential 
 
 323
During the second season, root development of the crops was optimal. 
Nevertheless, the abrupt start of the dry season by the end of May seriously limited 
the transpiration rate of groundnut during yield formation and ripening. The shorter 
crop cycle of common bean avoided water stress problems at the start of the dry 
season, but a dry spell during its mid-season stage was responsible for the 
considerable reduction in production potential. Sorghum, a deep-rooted crop with 
low transpiration requirements and a high water extraction capacity, was able to 
produce very well, even though its crop cycle extended into the long dry season.  
 
Analysis of the simulation results of the agricultural year 1985 near Kigali revealed 
an even greater diversity among the crops. The impact of the crop cycle duration in 
the lowlands has been illustrated in Fig. 6.18, giving the evolution of actual and 
maximum transpiration of common bean and groundnut cultivated during the first 
season. The dry spells at the end of December and during January only affected the 
late-season stage of common bean, while both the mid-season and late-season of 
groundnut were characterised by water stress conditions.  
 
Comparison of the transpiration rates and soil moisture depletion of groundnut and 
maize, two crops with the same crop cycle duration but different water extraction 
capacities, revealed the importance of a deep rooting system when high intensity 
events moisten the soil regularly up to a great depth (Fig. 6.19). With its deeper 
root system, maize was able to rely on deeper soil moisture reserves than 
groundnut during the dry spells of December and January. Consequently, the water 
index of maize is higher than that of groundnut, even though the requirements of 
this tall cereal are somewhat higher than those of the oil crop.  
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Fig. 6.20 illustrates the maximum transpiration of sorghum, groundnut and 
common bean from the March 1st to June 1st in the second agricultural season. 
Initially, the demands of sorghum largely exceeded those of the emerging 
groundnuts and common bean. By April 1st the quickly developing leguminous 
crop transpired most. The water requirements of common bean and groundnut 
largely coincided by the end of April, while the taller cereal required less water for 
optimal growth. In May, the leguminous crop reached maturity and its water 
requirements dropped significantly. At the same moment, the water requirements 
of the oil crop exceeded those of the cereal.  
 
The rainfall events and the actual transpiration of these crops during the same 
period have been given in Fig. 6.21. Dry weather in the beginning of March 
affected the transpiration and growth of the beans most strongly, while sorghum 
relied on stored soil water. All three crops suffered from oxygen stress for a short 
period after the heavy rainstorms at the start of April. Clear differences in crop 
performance were remarked during the second part of May. The drier weather of 
this period favoured the maturing of the beans. Transpiration of groundnut was 
reduced strongly upon the abrupt end of the rainy season. The higher tolerance of 
sorghum to these water stress conditions was due to his lower water demands, 
deeper rooting system and higher soil water extracting capacity. 
 
The simulation runs further revealed that the cultivation of two crops in rotation on 
the same field is problematic due to the low soil moisture reserves and water 
supply, even though the crop cycles are generally short in the warm tropical 
lowlands.   
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Crops of the highlands 
The temperature regime of the Rwandan tropical highlands is very much suited for 
the cultivation of a whole range of crops typical for the temperate regions. 
Sorghum and groundnut, which are crops typical for the warm, lowland tropics 
were therefore replaced by the tuber potato. Lower temperatures in these highlands 
slow down crop development, and consequently, the crop cycle duration of beans 
and maize has been lengthened significantly. 
 
The climatic data were taken from the agricultural year 1988 near Kitabi, while the 
field was characterised by a degree of declination of 5 % and a soil belonging to 
the Kabira series. Table 6.21 summarises the modelling results. 
 
Significantly higher rainfall amounts, an earlier start of the short rainy season and 
the absence of a clearly expressed short dry season allowed the continuous 
cultivation of crops during a large part of the year, from September to June. The 
emergence dates selected for this analysis reflect this higher and nearly continuous 
water supply. For the same reasons, cultivation of two crops in rotation on the same 
field is feasible when the crop cycle duration is about 4 months or less. 
Nevertheless, Table 6.21 reveals a yield reduction ranging between 11 and 17 % 
due to oxygen stress after continued waterlogging. 
 
Because humidity, sunshine and wind speed data had only been recorded in Kigali, 
these parameters were also used to determine the climatic conditions of the other 
agricultural zones. When characterising the climatic environment of Kitabi, only 
the temperature and rainfall data were measured locally, while the other climatic 
parameters were taken from the Kigali database. 
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The validity of these simplifications and their impact on the model performance 
was assessed by comparing the potential evapotranspiration, maximum evaporation 
and maximum transpiration during the crop cycle of common bean grown in season 
B of 1985 near Kigali (lowlands) and of 1988 near Kitabi (highlands). The results 
have been summarised in Table 6.22.  
Table 6.22: Average climatic conditions and minimum, average and maximum 
values of potential evapotranspiration, maximum evaporation and 
transpiration of common bean, cultivated during season B near Kigali 
and Kitabi  
parameters units station 
  Kigali Kitabi 
Tmax °C 25.4 22.2 
Tmin °C 15.8 11.4 
Tmean °C 20.6 16.8 
RHmax % 97.6 94.7 
RHmin % 53.5 50.9 
wind speed m s-1 1.9 1.9 
sunshine hrs 4.6 5.6 
ET0 mm d-1 1 - 3 - 6 1 - 3 - 5 
Em mm d-1 <1 - 1 - 5 <1 - 1 - 5 
Tm mm d-1 <1 - 2 - 5 <1 - 2 - 5 
Location specific temperature data illustrate clearly the cooler climatic conditions 
of the highlands. The humidity, wind speed and sunshine data, however, need to be 
interpreted with care as they were all measured in Kigali, although in two different 
years. 
Moreover, it appeared that season B of 1988, used to characterise the environment 
of Kitabi, was clearly drier and sunnier than that of 1985 characterising the 
conditions in Kigali. Consequently, the predicted evaporation and transpiration 
rates were only slightly lower in the highlands than in the lowlands, whereas 
greater differences had been expected. In Kigali, the potential evapotranspiration 
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ranged between 1 and 6 mm, with an average of 3 mm. The potential 
evapotranspiration in Kitabi ranged between 1 and 5 mm, with an average of 3 mm. 
Similarly, the maximum evaporation and transpiration in both regions have been 
verified. In reality, the water demands of the highlands tend to be lower than those 
of the lowlands, as more intense regular rainfall events of the highlands increase air 
humidity and cloudiness. Taking into account this overestimation of evaporation 
and transpiration in the highlands, the problems in these regions following 
waterlogging might be greater than actually simulated.   
Crops of the middle altitudes 
The highest diversity of suitable crops has been noted in regions located at an 
average altitude. Groundnuts as well as potatoes are cultivated in these agricultural 
zones. Nevertheless, a high variability in rainfall patterns and soil properties are at 
the origin of significant differences in crop performance. Some of this variability 
has been illustrated by simulating crop performance in three different regions of 
this altitudinal zone. Located near the Lake Kivu, the region of Kamembe enjoys 
favourable climatic conditions, while the soilscape is dominated by very fine 
clayey soils derived from old volcanic material. Gitarama is located at the heart of 
the land of thousand hills on granitic material giving very gravelly medium 
textured soils. The third station Musanze is found in the well arosed volcanic plain.  
Crop performance in these three regions has been given in Table 6.23. 
 
Based on the water index no significant differences have been remarked between 
the two agricultural seasons in Kamembe. Potatoes performed worst because of 
their limited rooting depth and small water extractive power, while they were 
grown on a soil with a small amount of plant available water.    
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During season A, the differences in performance between the other crops were 
limited. In season B, characterised by dry conditions by the end of most crop 
cycles, the deep rooted and water stress tolerant crop sorghum clearly performed 
best.  
 
Potato, requiring a lot of water but hampered by a low water uptake capacity of its 
root system, performed also worst in Gitarama. At this place, there were also clear 
differences between the two agricultural seasons. The unfavourable rainfall 
distribution during the crop cycle of potato and common bean emerging in the 
beginning of October seriously reduced their WPP. 
 
Groundnut, being able to extract more of the plant available water and having a 
lower yield response factor with respect to water stress, performed better. Its 
production potential was reduced by 20 % under rainfed conditions. With respect 
to maize, the short dry season didn’t affect as much his flowering period and with 
its deeper root system, the crop could rely on more water stored in the soil. In 
season B, the potentially deeper root system of sorghum turned out to be a 
disadvantage as the high stoniness strongly reduced the effective rooting depth. 
The other crops, except for potato, clearly performed better under the higher 
rainfall events of season B. The tuber was sown too late, giving serious water 
shortage during the months of June and July.    
 
The best growing conditions were simulated for the station of Musanze, where the 
crops were cultivated on recent volcanic material with a high water retention 
capacity. The reduction in the production potential of both cereals by 15 to 20 % 
was due to the sub-optimal development of their root system. The regular water 
supply and the high soil water reserves allowed the nearly optimal development of 
all other crops, including potato.   
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The DAMUWAB model thus reveals the daily interaction between climatic, 
topographic and edaphic properties on the one side and the crop development 
scheme with its requirements on the other side. Low demanding crops generally 
have a production advantage, but much depends on the rainfall pattern. Deep 
rooted crops for instance only have a production advantage in regions were 
sufficient amounts of deep percolating water moisten the subsoil and replenish the 
soil water reserves. Also the presence of a root restricting layer significantly 
reduces their performance. The model further illustrated the precarious equilibrium 
between sowing date, emergence, length of crop development stages, their 
sensitivity to water stress and the rainfall distribution. Small changes in one of 
these parameters might affect crop performance profoundly in regions 
characterised by low erratic rainfall, while the production potentials remain 
unaltered where regular moderate rainfall events meet the water demands.  
6.10.9. DAMUWAB versus DESIWAB 
Comparison of the crop growth model described by Tang et al. (1992) with the 
newly designed model was not evident because of the important differences in land 
use system description. Whereas the DESIWAB model used a decade time-step 
with rainfall data generated through interpolation of monthly records, the 
DAMUWAB model followed a daily time-step. Also with regard to the spatial 
description of the plant-water-atmosphere continuum significant differences were 
to be reported as the one-layer homogeneous soil corresponding to the actual root 
zone in the first model was replaced by a multi-layer soil with compartments of 
0.10 m thickness when designing the latter model. Discrepancies were also 
expected following differences in the calculation of the potential 
evapotranspiration and the estimation of the maximum crop evapotranspiration. 
The DAMUWAB model separated evaporation and transpiration, and was 
extended in order to take into account not only the impact of water stress, but also 
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the consequences of prolonged waterlogging and oxygen stress. Next to these 
differences in estimating climatic and edaphic variables and the description of the 
water balance, both models also differed in the degree of crop response to the 
environmental stresses. In the DAMUWAB model a feedback mechanism was 
inserted simulating the impact of water stress on the development of roots and 
leaves, which was absent in DESIWAB.     
 
Both approaches were applied to simulate the production of groundnut, common 
bean, maize, and sorghum near Kigali on a 1 % sloping field characterised by a soil 
of the Duha series. Another simulation run was repeated with the same crops and 
also potato cultivated near Musanze on a 3 % sloping field with the soil belonging 
to the Maya series.   
General overview of the simulation results 
Table 6.24 summarises the production potentials of the crops cultivated in the two 
selected regions. Differences in RPP have been discussed in the previous chapter 
and were therefore not repeated. Instead, the attention has been focused on the 
behaviour of the WPP and the water index of the different simulation runs. The 
DESIWAB model has been applied using interpolated decade date, derived from 
the actually measured monthly totals (Gommes, 1983). The simulations have also 
been repeated with the recorded decade data. 
• Water-limited production potential 
With respect to the WPP, a very close match between both models has only been 
attained when simulating the production of common bean. In both cases, the WPP 
of common bean cultivated near Kigali during season A amounted to about 2.4 to 
2.5 t ha-1. In Musanze, a production potential of 3.1 t ha-1 had been simulated 
during the two agricultural seasons.  
W
at
er
-L
im
ite
d 
Pr
od
uc
tio
n 
Po
te
nt
ia
l  
 
33
7
Ta
bl
e 
6.
24
: 
Pr
od
uc
tio
n 
po
te
nt
ia
ls
 a
nd
 w
at
er
 in
de
x 
of
 th
e 
se
le
ct
ed
 la
nd
 u
til
is
at
io
n 
ty
pe
s, 
ac
co
rd
in
g 
to
 D
AM
U
W
AB
 (
N
) 
an
d 
D
ES
IW
AB
 (T
) w
ith
 in
te
rp
ol
at
ed
 (T
i) 
an
d 
m
ea
su
re
d 
(T
m
) d
ec
ad
e 
ra
in
fa
ll 
da
ta
  
la
nd
 u
til
isa
tio
n 
ty
pe
 
pr
od
uc
tio
n 
po
te
nt
ia
l (
t h
a-
1 ) 
w
at
er
 in
de
x 
(-)
 
st
at
io
n 
so
il 
se
as
on
 
cr
op
 
 
RP
P N
 
RP
P T
 
W
PP
N
 
W
PP
Ti
 
W
PP
Tm
 
 
α
N
 
α
Ti
 
α
Tm
 
K
ig
al
i 
D
uh
a 
A
 
gr
ou
nd
nu
t 
 
2.
4 
3.
1 
1.
9 
2.
8 
2.
7 
 
0.
79
 
0.
90
 
0.
87
 
 
 
 
be
an
 
 
2.
7 
2.
5 
2.
5 
2.
5 
2.
4 
 
0.
93
 
1.
00
 
0.
96
 
 
 
 
m
ai
ze
 
 
5.
7 
6.
3 
4.
9 
5.
6 
5.
1 
 
0.
86
 
0.
89
 
0.
81
 
 
 
B
 
gr
ou
nd
nu
t 
 
2.
4 
3.
1 
2.
0 
2.
9 
2.
9 
 
0.
83
 
0.
94
 
0.
94
 
 
 
 
be
an
s 
 
2.
6 
2.
5 
2.
3 
2.
5 
2.
4 
 
0.
88
 
1.
00
 
0.
96
 
 
 
 
so
rg
hu
m
 
 
4.
9 
5.
9 
4.
5 
5.
8 
5.
8 
 
0.
92
 
0.
98
 
0.
98
 
M
us
an
ze
 
M
ay
a 
A
 
gr
ou
nd
nu
t 
 
2.
5 
3.
1 
2.
4 
3.
1 
3.
1 
 
0.
96
 
1.
00
 
1.
00
 
 
 
 
be
an
 
 
3.
2 
3.
1 
3.
1 
3.
1 
3.
1 
 
0.
97
 
1.
00
 
1.
00
 
 
 
 
m
ai
ze
 
 
7.
0 
8.
0 
5.
5 
7.
5 
7.
4 
 
0.
79
 
0.
94
 
0.
93
 
 
 
 
po
ta
to
 
 
8.
2 
6.
5 
7.
9 
6.
4 
6.
4 
 
0.
96
 
0.
98
 
0.
98
 
 
 
B
 
gr
ou
nd
nu
t 
 
2.
5 
3.
1 
2.
4 
3.
1 
3.
1 
 
0.
96
 
1.
00
 
1.
00
 
 
 
 
be
an
 
 
3.
1 
3.
1 
3.
1 
3.
1 
3.
1 
 
1.
00
 
1.
00
 
1.
00
 
 
 
 
so
rg
hu
m
 
 
5.
5 
5.
7 
4.
7 
5.
2 
5.
2 
 
0.
85
 
0.
91
 
0.
91
 
 
 
 
po
ta
to
 
 
8.
2 
6.
5 
8.
0 
6.
5 
6.
4 
 
0.
98
 
1.
00
 
0.
98
 
 
337
Chapter 6  
 
338 
DAMUWAB turned out to give a clearly higher WPP for potato than did 
DESIWAB. While the latter model estimated the WPP of potato, cultivated near 
Musanze, at about 6.5 t ha-1 the former model estimated its WPP at 8.0 t ha-1. The 
WPP of groundnut, maize and sorghum, on the contrary, were significantly higher 
when using the DESIWAB modelling approach than when following the 
DAMUWAB approach. Depending on the crop and on the site characteristics, the 
absolute differences ranged between 0.5 t ha-1 and 2 t ha-1.  
 
In Kigali, groundnut attained a WPP of about 2.8 t ha-1 following DESIWAB, 
compared to 2.0 t ha-1 following DAMUWAB. In Musanze, the corresponding 
simulated potentials equalled 3.1 and 2.4 t ha-1, respectively. These differences in 
modelling results were not only due to another evaluation of the water balance and 
associated crop response. Also differences in RPP were reflected. A more 
straightforward comparison of the second production level in both models was 
realised through a comparison of the water index.   
• Water index 
Table 6.24 also reveals a clear difference in model performance depending on the 
rainfall pattern and soil moisture retention capacity. The water indices generated by 
both models generally matched closely with respect to the crops grown in 
Musanze. Exceptions were due to the sub-optimal root system development of 
maize and sorghum following the new approach, resulting in a serious decrease of 
their production potentials. In the original model, root development of these crops 
was restricted too but only affected the amount of available water, while it had no 
consequences for the uptake capacity of the root system itself. The replacement of 
interpolated decade rainfall by the actually measured decade rainfall data didn’t 
significantly affect model performance in Musanze nor in Kigali, with respect to 
season B. During this season, however, the water indices predicted by DESIWAB 
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were clearly higher than those of DAMUWAB. The water indices of groundnut 
and common bean were about 0.94 and 0.99, respectively, according to the former 
model, but decreased to 0.83 and 0.88 in the latter model. With respect to sorghum, 
a water index of 0.98 compared to 0.92 according to the new model was reported. 
During season A in Kigali, important changes in model results were reported when 
replacing the interpolated decade rainfall data by the actually measured decade 
rainfall. The water indices clearly decreased upon this modification and better 
approached the values reported by the new model. Nevertheless, the DESIWAB 
modelling approach still resulted in significantly higher water indices, especially 
with regard to groundnut. In order to gain insight in the calculation procedures 
affecting these results, the water balance and response of a specific crop has been 
discussed in detail. 
Production potentials of maize, cultivated near Kigali 
A more detailed comparison of both models has been conducted for maize, grown 
during season A of the agricultural year 1985 near Kigali. The field plot was 
characterised by a slope of 1 %, while the soil was classified among the Duha 
series. Emergence was supposed to take place on October 5th and the dry maize 
grains were to be harvested on February 1st.   
• Production potentials and water index 
According to the FAOCROS model, the radiation and thermal conditions during 
the crop cycle resulted in a RPP of 6.3 t ha-1. The DAICROS model gave a lower 
estimation; 5.7 t ha-1. Despite these differences in RPP, both water balances yielded 
similar water indices; 0.89 following DESIWAB and 0.86 returned by 
DAMUWAB. Consequently, the WPP equalled 5.6 and 4.9 t ha-1, respectively.  
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A repetition of the DESIWAB simulation run with measured decadal rainfall data 
instead of interpolated data revealed a stronger divergence between the water 
indices of both models. The water index decreased to 0.81, yielding a WPP of      
5.1 t ha-1. The small modification in input data thus resulted in a strong decrease of 
rainfed crop performance compared to the results returned by DAMUWAB and the 
gap between both model results was closed at the second level of the hierarchical 
crop growth model. The decade rainfall, the main parameter causing this model 
behaviour, has been illustrated in Fig. 6.22. Large differences in crop response 
were to be expected when viewing the irregularity and intensity of the actual daily 
rainfall, total decade rainfall and interpolated decade rainfall, based on the monthly 
totals. 
 
0
5
10
15
20
25
30
35
40
10-05 10-25 11-14 12-04 12-24 01-13
date
ra
in
fa
ll 
(m
m
)
daily measured rainfall
interpolated decade rainfall
calculated decade rainfall
 
 
Fig. 6.22: Daily measured rainfall, calculated decade rainfall, and interpolated 
decade rainfall during the crop cycle of maize, cultivated during season 
A of the agricultural year 1985 near Kigali   
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• Potential evapotranspiration 
Next to clear differences in the input data, intermediate properties returned by both 
models also differed regularly. The modified approach for the calculation of 
incoming radiation was reflected in the estimation of potential evapotranspiration. 
This important parameter, influencing the water demand of the crop, totalled      
499 mm according to DESIWAB, while it attained only 414 mm according to 
DAMUWAB. On average, this corresponded to about 4 mm d-1 and 3 mm d-1, 
respectively. The variability in estimated evapotranspiration values was also much 
higher when using the daily dataset, than with a decadal time-step.  
• Maximum evapotranspiration 
Remarkable differences were also noted in the assessment of the crop coefficient, 
relating the potential evapotranspiration to the maximum evapotranspiration of 
maize. Fig. 6.23 illustrates the crop coefficient used in DESIWAB and the sum of 
the transpiration coefficient and evapotranspiration coefficient that determined the 
water requirements in DAMUWAB.  
 
In the beginning of the crop cycle, the evaporation from the soil surface and initial 
transpiration from the emerging crop were rated much higher in the DAMUWAB 
model than according to the DESIWAB. While DAMUWAB took into account the 
soil moisture content of the topsoil, influenced by intense rainfall events and water 
stored temporarily at the soil surface, DESIWAB used an average frequency of 
significant rainfall events during the initial stage. With the development of the crop 
canopy, however, the evaporation from the soil surface decreased rapidly followed 
by a subsequent increase of the crop coefficient in order to reflect the increased 
water requirements of the growing maize crop. During this same crop development 
period, the crop coefficient increased more rapidly in DESIWAB to give a slightly 
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lower and constant crop coefficient during the mid-season. Also the differences in 
crop coefficients during the late season stages were important. 
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Fig. 6.23: Crop coefficient (Kc) and sum of the basal crop coefficient (Kcb) and 
evaporation coefficient (Ke) of maize, cultivated during season A of the 
agricultural year 1985 near Kigali  
 
Multiplication of the crop coefficient with the potential evapotranspiration gave an 
estimation of the maximum water requirements of the cropped surface. The 
differences between the two model approaches were tempered at this stage, with an 
average maximum evapotranspiration rate of 4 mm d-1 according to both model 
procedures. Fig. 6.24 illustrates the evolution of the maximum daily 
evapotranspiration rate according to both models during the crop cycle of maize. 
Although the variability in simulated values is much higher when using daily 
radiation and thermal data, the general trend in maximum evapotranspiration 
corresponds with the values produced by DESIWAB.  
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Fig. 6.24: Maximum daily evapotranspiration  of maize, cultivated during season A 
of the agricultural year 1985 near Kigali, according to DESIWAB and 
DAMUWAB 
 
• Available soil water 
In the next stage, the water requirements were compared with the soil water 
available for root uptake. Again, major differences in model set-up resulted in 
another assessment of the soil-plant-atmosphere continuum. Fig. 6.25 shows the 
soil moisture profile (SMact) on 4 selected dates, corresponding to the start of each 
development stage (in = initial, cd = crop development, ms = mid-season and ls = 
late-season), according to both models. Also the soil moisture content at field 
capacity (SMfc) and wilting point (SMwp) has been illustrated. 
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Fig. 6.25: Soil moisture profile at the beginning of each development stage of 
maize, cultivated during season A of the agricultural year 1985 near 
Kigali, according to DESIWAB and DAMUWAB 
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In the DESIWAB modelling approach, the soil was evaluated as a homogeneous, 
one-layer system with a variable thickness depending on the rooting depth at the 
moment of interest. The initial soil moisture content inserted in the water balance, 
corresponding to the moisture content at the start of the initial development stage 
(SMact-in-DESIWAB), was set at wilting point. At the beginning of the crop 
development stage, the roots occupied the upper 0.50 m and the average soil 
moisture content (SMact-cd-DESIWAB) had increased considerably following the 
rains of the previous month. The soil water status at the start of the mid-season 
(SMact-ms-DESIWAB) reached the same level as at the previous time-step, while 
the roots attained their maximum rooting depth at 1.30 m. By the end of the crop 
cycle, rains decreased and this was reflected in a clear decrease of the water 
availability (SMact-ls-DESIWAB).  
 
In the DAMUWAB approach, on the other hand, several 0.10 m thick soil 
compartments were delineated and evaluated separately with respect to their soil 
moisture content and availability of water for root uptake. This approach allowed 
the more detailed evaluation of the water flow between soil and roots, taking into 
account a soil moisture profile that approaches reality. As such, some rainfall 
events before emergence wetted the upper soil layers, while the deepest soil 
compartments were still depleted (SMact-in-DAMUWAB). By the start of the crop 
development stage (SMact-cd-DAMUWAB), percolating rainfall had moistened 
the whole profile. In the subsoil, below the actual rooting depth, a soil water 
reserve was built up. A high variability in soil moisture content was observed at the 
start of the mid-season (SMact-ms-DAMUWAB) as moderate rainfall events and 
dry periods alternated. By the end of the season, some soil water reserves were still 
available below 0.50 m depth. A recent rainfall event also moistened the topsoil, 
while the soil compartments between 0.30 and 0.50 m were depleted of available 
water (SMact-ls-DAMUWAB).  
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• Actual evapotranspiration 
Finally, these climatic and edaphic properties affected the actual evapotranspiration 
rate and crop growth. From Fig. 6.26, illustrating the evolution of the actual 
evapotranspiration according to the three simulation runs, some remarkable 
conclusions have been derived. Generally, the actual evapotranspiration follows the 
same trend in all three cases. Of course, the daily input data of the DAMUWAB 
model generate some additional variability while the other model results are 
averaged values.  
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Fig. 6.26: Actual daily evapotranspiration of maize, cultivated during season A of 
the agricultural year 1985 near Kigali, according to DESIWAB, based 
on interpolated decade rainfall and on calculated decade rainfall, and 
according to DAMUWAB using the recorded daily rainfall 
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The best correspondence between the DAMUWAB model and the DESIWAB 
approach was realised when using the interpolated rainfall data. This contrasted 
strongly with the logical rationing that a better model performance would be 
generated if more accurate data were to be inserted. When analysing Fig. 6.26, 
however, it has been remarked that the introduction of erratic rainfall, even though 
aggregated up to a decade time-step, had a serious impact on crop performance by 
strongly limiting the actual transpiration rate.  
Conclusions 
Apparently, the DESIWAB modelling approach was not capable of handling a 
production system characterised by intense erratic rainfall events moistening the 
soil up to great depth and building up a soil water reserve that was used during the 
intermittent dry periods. This conclusion also fits for the simulation results noted in 
Musanze. The frequent rainfall events characterising this station generated a humid 
and freely draining environment, for which both models gave similar results with 
respect to the water index. Aggregating and interpolating the rainfall data, and 
considering a one-layer soil system in such an environment didn’t decrease the 
model performance. In sub-humid to dry environments, where the soil water 
reserves are regularly depleted while bridging dry periods, a better model 
performance was realised by increasing the temporal and spatial scale in the 
DAMUWAB approach. 
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6.11. Discussion 
A daily, multi-layered water balance (DAMUWAB) was simulated in order to 
assess the impact of water and oxygen availability on the developing crop. Next to 
the temporal and spatial scale, major differences with the decadal, single-layered 
water balance (DESIWAB) described by Tang et al. (1992) were the feedback 
mechanisms that regulated root development and leaf growth. The water balance 
started with crop emergence, corresponding to the time that the photosynthesis 
process takes over biomass production. The simulation of a preliminary water 
balance, assuming a bare soil surface, estimated the initial availability of water.  
6.11.1. DAMUWAB features 
The DAMUWAB simulated the impact of highly variable climatic conditions over 
the Rwandan country on water availability and crop production. It further indicated 
a high temporal variability in crop production potentials recorded at the same 
place. Nevertheless, the smoothing effect of the soil water reserves and crop 
responses on soil water availability was clearly illustrated. Whereas relatively 
small variations in radiation and temperature generated significant differences in 
RPP, large differences in water supply were tempered when water stress tolerant 
crops were cultivated on soils with a high amount of plant available water. The 
lack of sunshine, humidity and wind speed data, however, limited the accuracy of 
the estimated evapotranspiration in all regions, except for Kigali.  
 
The impact of run-off in steeply sloping areas on the WPP was limited although 
ponding water generated oxygen stress in flat areas whereas the loss of run-off 
water reduced the replenishment of the soil water reserves in steeply sloping 
regions. Its small impact is due to the model set-up, allowing the upper horizon to 
be saturated and the surface storage to be maximally used before run-off is 
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generated.  In reality the same intense rainfall events may cause the sealing of the 
topsoil and generate run-off even before the top 0.10 m is saturated. Also the 
performance of the calculation procedure estimating the maximum surface storage 
capacity should be verified in the field.  
 
DAMUWAB also allowed the evaluation of the daily soil water availability in the 
different parts of the root zone. A moderate rainfall event after a dry period will 
moisten the upper soil compartments. The replenished soil water reserves during 
the months of November and April were used to overcome dry weather. A 
differentiation in water uptake pattern was added to the modelling tools. Significant 
differences were found in water supply properties of the soil series included in the 
analysis. The performance of the model, on the other hand, was limited when 
simulating the capillary rise from a water table. The main problems were related to 
the absence of data describing the water retention curve. As such, the water balance 
was seriously simplified by fixing the water table at a constant depth. In reality, the 
farmers profit from a shallow water table at the beginning of the third agricultural 
season. Water use by the actively growing crop results in a continuously decreasing 
water table, thereby avoiding the negative impact of oxygen stress when the root 
system exploits the subsoil.  
 
Farmers face a dilemma when determining the optimal sowing date for their crops 
of the main agricultural seasons. The start of the short rains is strongly variable. 
Delay of the sowing date until regular rainfall events guarantee a sufficient water 
supply may give water stress conditions during the flowering period if it 
corresponds to the short dry season. Generally, sufficient soil water reserves 
simplify the choice during the second season, but adverse climatic conditions may 
equally reduce the production potentials. The soil water reserves and the length of 
the crop cycle not only affect the sowing date, but also determine the possibilities 
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for the cultivation of two crops in sequence on the same field. According to 
DAMUWAB, water availability limits the success of the practice in the lowlands, 
while a too long crop cycle limits the practice in the highlands, except for potato. 
At middle altitudes, the feasibility depends on the rainfall distribution. This largely 
corresponds to the real-world conditions.  
 
Next to the crop cycle duration, also other parameters such as the crop coefficient, 
yield response factor and water extraction factor influences the response of the crop 
to the water supply. Sorghum exceeded all other crops by far in water stress 
tolerance when cultivated in the deep soils of the lowlands and middle altitudes. 
Potato, on the other hand, required most water and could only be cultivated 
successfully on the recent volcanic soils near Musanze. Nevertheless, if cultivar 
specific properties become available, the simulation can still be significantly 
improved.  
6.11.2. DAMUWAB performance 
• DAMUWAB versus DESIWAB 
The results of this DAMUWAB model were compared to the results when applying 
the procedures of DESIWAB. Both models gave closely matching estimations of 
the water index in regions with frequent moderate to high rainfall events that 
moistened the whole profile and where no root restricting layers hampered optimal 
root development. Where the maximum rooting depth was limited, the 
DAMUWAB model yielded significantly smaller water indices because of the 
reduction in root system uptake capacity and thus in maximum transpiration rate, 
even though an optimal water supply was guaranteed. In the case of erratic rainfall 
events, the performance of the DESIWAB model differed strongly depending on 
the use of interpolated or calculated decade rainfall data. When interpolating the 
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monthly rainfall totals, the total water supply was more or less regularly spread 
over the three decades. This averaging of the water supply generally resulted in a 
water index that was higher or equal to the one estimated by DAMUWAB. The use 
of real-world decade rainfall totals decreased the water index significantly. 
Generally, the DESIWAB water index was still higher than that given by 
DAMUWAB. For deep rooted, water stress sensitive crops such as maize, 
however, a much stronger yield decrease was simulated. Based on these results, the 
use of a simplified model is feasible in humid regions. An increase of the spatial or 
temporal scale did not significantly change the modelling results. In regions 
characterised by erratic rainfall events, increasing both the temporal and the spatial 
scale did significantly improve the water supply assessment. The use of daily 
rainfall records avoided the averaging of the water supply, respecting the 
irregularity characterising these regions. The distinction of 0.10 m thick soil 
compartments allowed the simulation of the same irregularity remarked in the soil 
moisture profiles.  
• DAMUWAB versus recorded yield data 
The model results were also compared with yield data reported by Sys et al. (1993) 
and MINAGRI (2003). A comparison of the yield data has been given in Table 
6.25. There is a clear correspondence between the estimated and reported potato 
yields. Satisfactory results have also been attained with respect to common bean. 
The estimated water-limited production potential of sorghum is low compared to 
the reported yield data by Sys et al. (1993). Yet, it still overestimates the yields that 
are actually observed in Rwanda. The length of the crop cycle (180-210 days), 
taken into account during the calculations, is relatively long. MINAGRI (2003) 
reports a crop cycle length varying between 120 and 210 days, depending on the 
variety and altitude. Repetition of the simulation runs for sorghum with a shorter 
crop cycle length in the lowlands will result in a WPP that approaches the reported 
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yield data quite closely. Also the crop cycle length of groundnut is slightly 
overestimated, being 120 days compared to the reported 90 days by MINAGRI 
(2003). Nevertheless, this can’t solely explain the serious overestimation of the 
WPP. A revision of the crop parameters is also required with respect to maize.  
 
Table 6.25: RPP and WPP, estimated by DIACROS and DAMUWAB, and optimal 
production data reported by Sys et al. (1993) and MINAGRI (2003) 
crop conversiona yield (t ha-1 of food product)b 
 (FP/DM) RPP WPP GCYR YCC 
groundnut x 1.54 3.5 – 3.9 2.9 – 3.7 2.0 – 3.0 1.5 
common bean x 1.00 2.6 – 3.6 2.1 – 3.2 1.0 – 1.5 2.0 
sorghum x 1.00 4.9 – 5.5 4.5 – 4.9 6.9 – 9.0 3.0 – 4.0 
maize x 1.00 5.7 – 8.7 4.6 – 7.6 2.5 – 3.5 3.5 
potato x 3.33 23.3 – 29.3 19.6 – 26.6 25.0 – 28.0 25.0 – 30.0 
a conversion factor from dry matter to food product: unshelled dry groundnuts, dry beans, 
dry sorghum and maize grains, and fresh potatoes 
b RPP = radiation-thermal production potential estimated by DAICROS; WPP = water-
limited production potential estimated by DAMUWAB and DAICROS; GCYR = good 
commercial rainfed yield, reported by Sys et al. (1993); YCC = yield under controlled 
conditions (fertility, diseases), reported by MINAGRI (2003) 
 
6.11.3. Conclusions 
Generally, the importance of water stress affecting crop growth is quite limited in 
Rwanda, although there is a considerable temporal and spatial variability in rainfall 
amount and frequency. The highest risks for water stress have been reported in the 
lowlands and on soils with low amounts of plant available water. In these regions, 
deep rooted crops with a high capacity to extract the stored soil water are to be 
preferred. Conservation practices limiting the run-off during high intensity rainfall 
events are equally important in order to build up a soil water reserve to bridge the 
dry periods.  
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Without the ability to verify the model performance with experimental data, 
however, the application and interpretation of DAMUWAB should be done with 
care. Nevertheless, the model offers a considerable amount of detail without 
increasing the input requirements beyond the possibilities of the Rwandan 
institutes. Moreover, it was able to identify the range of possible sowing dates and 
cropping sequences that are actually used by the farmers. The model further 
illustrates by graphs the impact of the different climatic, topographic, edaphic and 
management related conditions on a daily scale. As such, also its educational value 
should not be underestimated.  
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CHAPTER 7. CONCLUSIONS 
7.1. Performance of the elaborated land evaluation tools 
Information on the agricultural potential in Rwanda was gained through the 
development of a land capability and land suitability classification system, running 
on monthly climatic data and soil physical and morphological properties at scale 
1:250,000. Daily simulation of rainfed crop cultivation at several places in Rwanda 
was accomplished through the development of a two-level crop growth model. The 
radiation-thermal production potential (RPP) was simulated by DAICROS, the 
daily crop simulation model. Extension of this model with a daily multi-layered 
water balance (DAMUWAB) yielded the water-limited production potential 
(WPP). The necessary soil data were taken from the soil profile database and soil 
map at scale 1:50,000. Development of these different land evaluation tools, 
adapted to the spatial and temporal scale of the available data, resulted in an 
optimal use of the natural resources database of Rwanda. Both at national and local 
scale, new insights were presented with respect to the impact of climate, 
topography, soil and management on the agricultural potential in Rwanda.  
7.1.1. Land capability and land suitability classification 
The land capability and suitability classification systems are especially interesting 
because of the framework they offer within which the land resources data can be 
explored and evaluated. Local agronomists are able to identify the limiting soil 
properties and interpret the soil maps with respect to their crop-specific suitability. 
Nevertheless, they don’t know how to translate their expert knowledge in an 
evaluation procedure that can be integrated within a geographical information 
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system. The classification systems, adapted to the specific conditions in Rwanda, 
performed well when comparing with the actual land use.  
7.1.2. Crop growth model 
The two-level crop growth model offers information on the impact of daily climatic 
variations upon the development and production of a rainfed crop, grown on a field 
with a specific slope gradient and soil series. In addition, the model incorporated 
the impact of a fourth factor: the management strategies made by the farmer.  
 
Simulation of the RPP at a daily temporal scale is not a real necessity in equatorial 
countries because of the small variability in temperature and solar radiation 
throughout the year. Nevertheless, the modified approach allows simulation of the 
RPP without the need to refer to tabulated values and as such facilitates automation 
of the calculation procedures. The definition of crop-specific relative maintenance 
respiration rates and conversion efficiencies is a major improvement compared to 
the model defined by Tang et al. (1992).  
 
The daily time scale becomes particularly important when simulating the WPP. 
Short periods of water or oxygen stress affect crop production. Also the definition 
of different soil compartments when evaluating the water availability contributes 
significantly to an improved water balance approach adapted to the irregular 
rainfall pattern recorded in Rwanda. Nevertheless, the model showed shortcomings 
when simulating crop production on soils with a shallow groundwater table. A 
better knowledge of the soil water retention properties with a description of the pF-
curves is required for modelling crop growth under these specific conditions. 
Improvements in the modelling results will also be obtained if important climatic 
parameters affecting the evapotranspiration, such as the air humidity, sunshine 
duration and wind speed, become available in other meteorological stations than 
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Kigali. Nevertheless, comparison of the modelling results with the reported yield 
data revealed a satisfactory model performance with respect to common bean, 
sorghum and potato, while the simulated yields of groundnut and maize were 
clearly overestimated. A better knowledge of the crop parameters, with special 
attention to the crop cycle duration is required in these two cases.  
 
The crop growth model runs with a relevant time step without strongly increasing 
the demands for input parameters. The complete modelling procedure has been 
formulated in several Excel spreadsheets, easily accessible to a broad public. 
Graphs illustrate parameter behaviour during the crop cycle. As such, the crop 
growth model also has an educational value.            
7.2. Agricultural potential of the arable land in Rwanda 
Without going into detail with respect to the land suitability for each of the 12 
crops, it can be concluded that the land suitability classification resulted in 
identifying clear options for regionalisation (Map 7.1). The main determinants for 
crop selection at scale 1:250,000 are the temperature and rainfall regimes. Erratic 
rainfall in East Rwanda limits the production potential of crops sensitive to water 
stress. In mountainous western Rwanda, abundant rainfall leached most soils 
developing on nutrient-poor parent materials. Nevertheless, important investments 
in terracing and fertilisation, required in the highlands, result in a serious increase 
of the agricultural production potential. In the lowlands, inherent physical or 
chemical properties often limit the potential suitability. Application of the land 
suitability classification at scale 1:50,000 however, will give more detailed results 
with respect to the regionalisation of crops, making a clear distinction between the 
land units of the hilltops, hillsides and valleys.  
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The two-level crop growth model offers information with respect to the 
possibilities for intensification of crop cultivation. In practically all stations, erratic 
rainfall at the beginning and end of the crop cycle has an impact on crop 
development and complicates the choice of the sowing date. Water availability 
proved to be strongly dependent on the rooting depth and the water extraction 
power of the crop. Also the water retention properties of the soil series have a 
significant impact on the water balance components. Where the slope gradient is 
limited and the water retention properties result in high amounts of plant available 
water, the excess water supply during the months November and April replenishes 
the soil water reserves and delays water stress conditions at the end of the crop 
cycle.    
 
Low rainfall in the eastern lowlands limits the possibilities for the cultivation of 
two crops on the same field. In the cool highlands, the crop cycle duration of most 
crops, except for potato, is too long to allow two harvests from the same field. 
Although the impact of slope gradient on the WPP was limited, the model 
highlighted the occurrence of high intensity rainfall events and their impact on soil 
erosion if the soil surface is not recently tilled or covered by actively growing 
vegetation. The loss of organic matter rich topsoil contributes to the ongoing soil 
degradation and reduces the agricultural potential. 
 
In summary, both approaches indicate that there is a high potential for 
regionalisation and intensification of the Rwandan agriculture, although important 
investments are required to stop soil erosion and nutrient mining.         
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ANNEX I: RPP – EXAMPLE 
In order to illustrate the DAICROS modelling procedure and the characteristics of 
the different parameters affecting the biomass production, the calculation of the 
RPP of common bean, with an average crop cycle length of 120 days, sown on the 
1st of October 1985 near Kigali has been discussed in detail.   
I.1. Input data 
Station Kigali  
  latitude -1.97 °S = -0.034 rad 
 
Climate daily mean temperature and actual hours of sunshine duration 
 
Crop  name  common bean 
  type  C3 
    protein rich Rm  = 0.025 kg(CH2O) kg-1(DM) 
      Eg = 0.65 kg(DM) kg-1(CH2O) 
  LAImax 3.5 m2 m-2 
  cycle  total   120 days 
  initiation    18 days 
  crop development   30 days 
  mid-season    48 days 
  late-season    24 days 
 
Management  sown on the 1st October 1985 
    beans are harvested dry 
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I.2. Calculation of the leaf area index 
Different equations have been formulated in order to simulate the development or 
shedding of leaves during the 4 crop development stages.  
During initiation and crop development 
 
October 1st   LAI_i  = initial leaf area index at noon of this first day 
     = 0 + 
48
5.3
× 0.5 = 0.04 m² m-2 
   LAI_e = leaf area index at the end of this day 
     = 0 + 
48
5.3  = 0.07 m² m-2 
 
All other calculation steps during the initial and crop development stage have been 
performed as follows:  
 
October 2nd  LAI_i  = initial leaf area index at the beginning of this day 
     = 0.07 m² m-2 
   LAI_e = leaf area index at the end of this day 
     = 0.07 + 
48
5.3  = 0.15 m² m-2 
During the first half of the mid-season 
November 18th  LAI_i  = initial leaf area index at the beginning of this day 
     = 3.50 m² m-2 
   LAI_e = leaf area index at the end of this day 
     = 3.50 + 
24
5.0  = 3.52 m² m-2 
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During the second half of the mid-season  
LAI   = 4.00 m² m-2 
During the late-season 
January 5th  LAI_i  = initial leaf area index at the beginning of this day 
     = 4.00 m² m-2 
   LAI_e = leaf area index at the end of this day 
     = 4.00 – 4.00×0.03 = 3.88 m² m-2 
 
The evolution of the LAI during the crop cycle of common bean has been shown in 
Fig. I.1. 
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Fig. I.1: Evolution of the LAI during the development of common bean, sown on 
October 1st, 1985 near Kigali 
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I.3. Calculation of the photosynthetic active radiation 
Calculation of the incoming PAR is laborious as many other climatic or astronomic 
parameters are required. The procedure has been illustrated for the 1st of December 
1985.  
 
Solar declination has been calculated from: 
 
385.0
365
10335π2cos409.0δ −=

 +
××= rad   
 
The astronomical daylength has been given by: 
 
 s43583
π
)
cosc
sins(arcsin2π
43200N =



×+
×=  
 
with ssin = sinλ×sinδ = sin(-0.034)×sin(-0.072) = 0.0129 
 ccos = cosλ×cosδ = cos(-0.034)×cos(-0.072) = 0.9263 
 
Incoming radiation further depends on the solar height, which changes during the 
day. Integration of the solar height over the day has been performed as follows: 
 
2
cosc
sins1cosc86400Nsinssinint 


−××+×=
π
β  
s 42603
9263.0
0129.019263.0
π
86400435830129.0βsinint
2
=


−××+×=  
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The integral of solar height, the daylength and the extinction coefficient for 
radiation in the atmosphere, rated at 0.1, have been inserted in the following 
formula to obtain the average daily incoming solar radiation under a clear sky: 
 
)
Nsinint
1.0exp(sinint1280R so
×
−
××= ββ  
126
so dJm102.28)4358326034
1.0(exp260341280R −−×=
×
−
××=  
 
The resulting irradiance should be expressed in Jm-2s-1. Therefore, the average 
daily radiation should be divided through the effective daylength. This effective 
daylength is shorter than the astronomical daylength and was found to be best 
estimated as the period that the solar height exceeds 8° or 0.140 rad: 
 
( )( )( ){ } πcoscsins140.0sinarcsin2π43200Neff +−×+×=  
( )( )( ){ }  s39439π9263.00129.0140.0sinarcsin2π43200Neff =+−×+×=  
 
This incoming radiation consists for 50 % out of PAR. On overcast days, only      
20 % of the incoming radiation on clear days reaches the canopy. Consequently, 
the PAR on a completely clear and completely overcast December 1st is obtained 
by: 
 
12
6
eff
so s Jm357
39439
102.285.0
N
R
5.0RADC −−=××=×=  
12s Jm723572.0RADC2.0RADO −−=×=×=  
 
The annual evolution of solar radiation and daylength in Kigali at 2° southern 
latitude and in Prague at 50° northern latitude has been shown in Fig. I.2 and I.3. 
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Fig. I.2: Annual evolution of solar radiation in Kigali (2°S) and Prague (50°N) 
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Fig. I.3: Annual evolution of daylength in Kigali (2°S) and Prague (50°N) 
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I.4. Gross assimilation 
Maximum photosynthetic rate at light saturation 
With a maximum and minimum temperature of 27.2 and 15.2 °C, respectively, and 
an astronomical daylength of 43583 s or 12.1 hr, the average day temperature on 
December 1st is given by: 
 
9.23
1.12
1.1246
4
2.152.27
2
2.152.27t day =
−
×
π
−
+
+
= °C 
 
Common bean, cultivated in the Rwandan lowlands, is supposed to belong to crop 
group II and the actual maximum photosynthetic rate at light saturation can be 
estimated by: 
 
781.559.231806.79.231588.09.230008.0A 23max −×+×−×=  
          112 hrha OCH kg 63 −−=  
 
The maximum photosynthetic rate at light saturation thus equals                
1.47× 10-6 kg CO2 m-2s-1 instead of the initially assumed value of               
0.84× 10-6 kg CO2 m-2s-1. 
Gross assimilation on overcast days 
The effective light use efficiency has been set at 12.9× 10-9 kg CO2 J-1. The 
maximum photosynthetic rate at light saturation is 1.47× 10-6 kg CO2 m-2(leaf) s-1. 
Initially, a LAI of 5 m2 m-2, a closed canopy, has been supposed. Thus, 
 
13.0
51047.1
109.1272
LAIA
EFFERADOX
6
9
max
=
××
××
=
×
×
=
−
−
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and 
 
11.0
13.01
13.0
X1
XP =
+
=
+
=  
 
The daily gross assimilation rate on an overcast day, supposing a LAI of 5 m2 m-2, 
is obtained by 
 
3943951047.111.0NLAIAPPO 6effmaxf ××××=×××=
−  
         122 dm kg CO032.0
−−
=  
 
A correction using the linear regression between the “descriptive equation results” 
and the model results is necessary: 
 
33
m 1011.0032.09935.01011.0POf9935.0PO
−− ×+×=×+×=  
          122 dm kg CO032.0
−−
=  
 
The gross photosynthetic rate of a fully developed canopy on an overcast day 
consequently evolves through the year as a function of the incoming solar radiation 
and the day temperature.  
 
The LAI in the beginning of December 1st is not 5.00, but 3.77. The correction to 
be applied in order to take into account the real LAI is: 
 
90.0)77.36.0(exp1LAI)6.0(exp1fint =×−−=×−−=  
 
The estimated gross assimilation of the canopy under an overcast sky is then 
obtained by: 
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12
2int1 dm kg CO0289.0032.090.0POmfCO
−−
=×=×=  
 
This estimated value can' t exceed the maximum photosynthetic rate at light 
saturation: 
 
12
2
6
effmax2 dm kg CO2412.03943977.31047.1NLAIACO
−−−
=×××=××=  
 
For the first of December, CO1 is smaller than CO2, and  
 
12
20289.0
2412.0
ov dmg COk 8802.0e10289.0P
−−
−
=







−×=  
Gross assimilation on clear days 
The gross assimilation on clear days is given by the sum of the gross daily 
assimilation of sunlit leaves and the gross daily assimilation of shaded leaves. 
Again, the total LAI is initially set to 5 m2 m-2, corresponding to a closed canopy. 
For a spherical leaf angle distribution, the sunlit leaf area is given by: 
 
)
2
sin(
2
12sin2SLLAE λδπβ −+××≈×=  
 
Or, for the first of December, 
 
94.0)034.0385.0
2
sin(SLLAE =+−= π  
 
Both fractions Xs and Xsh are then given by: 
 
Annex I 
 
 380
5.1
1047.194.0
109.1235745.0
AMAXSLLAE
EFFERADC45.0X
6
9
s =
××
×××
=
×
××
=
−
−
 
 
for the sunlit leaves, and 
 
4.0
1047.1)94.05(
109.1235755.0
AMAXSLLAE)(LAI
EFFERADC55.0X
6
9
sh =
××−
×××
=
×−
××
=
−
−
 
 
for the shaded leaves 
 
Before substitution of X in a rectangular hyperbola, it is converted to: 
 
9.0)5.11ln()X1ln('X ss =+=+=  
 
4.0)4.01ln()X1ln('X shsh =+=+=  
 
The fractions of the maximum photosynthetic rate at light saturation are then: 
 
48.0
9.01
9.0
'X1
'X
P
s
s
s =+
=
+
=  
and 
26.0
4.01
4.0
'X1
'X
P
sh
sh
sh =+
=
+
=  
 
The gross daily canopy photosynthesis of sunlit and shaded leaves, supposing a 
LAI of 5 m2 m-2 follows from the equations: 
 
3943994.01047.148.0NSLLAEAPPS 6effmaxs ××××=×××=
−   
 122 dmg COk 026.0 −−=  
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( ) ( ) 3943994.051047.126.0NSLLAELAIAPPSH 6effmaxsh ×−×××=×−××= −
                         122 dmg COk 062.0
−−
=  
 
A first estimate of the daily gross assimilation on clear days is thus given by: 
 
12
2
12
2f dm kg CO088.0dm kg CO062.0026.0PC
−−−−
=+=  
 
A correction using the linear regression between the “descriptive equation results” 
and the model results is necessary: 
 
12
2
33
fm dm kg CO085.01005.2088.095.01005.2PC95.0PC
−−−−
=×+×=×+×=
 
Also the gross photosynthetic rate of a fully developed canopy on a clear day 
consequently evolves through the year as a function of the incoming short-wave 
radiation and the day temperature. Fig. I.4 illustrates the gross photosynthetic rate 
of a fully developed canopy on completely clear and overcast days, assuming a 
constant or temperature dependent maximum photosynthetic rate at light saturation.  
 
The correction to be applied in order to take into account the real LAI is 0.90. The 
estimated gross assimilation of the canopy under a clear sky is then obtained by: 
 
12
2int1 dm kg CO0763.0085.090.0PCmfCC
−−
=×=×=  
 
This estimated value can’ t exceed the maximum photosynthetic rate at light 
saturation: 
 
12
2
6
effmax2 dm kg CO2412.03943977.31047.1NLAIACC
−−−
=×××=××=  
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On December 1st, CC1 is smaller than CC2, and  
 
12
20763.0
2412.0
cl dmg COk 0731.0e10763.0P
−−
−
=







−×=  
 
Evolution of the gross assimilation of the developing canopy on completely clear 
and completely overcast days has been illustrated in Fig. I.5.  
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Fig. I.5: Gross canopy photosynthetic rate on clear (Pcl) and overcast (Pov) days 
during the crop cycle of common bean sown on October 1st, 1985 near 
Kigali with a temperature dependent (Amax var) or fixed Amax of                
0.84× 10-6 kg CO2     m-2s-1 (Amax 0.84) 
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Actual gross assimilation 
In reality, December 1st is partly overcast and partly clear. In that case, the actual 
gross assimilation rate has been determined by: 
 
clov PN
nP
N
n1GASS' ×+×


−=  
 
0731.0
3600/43583
50288.0
3600/43583
51GASS' ×+×


−=  
            122 dmOC g k0364.0
−−
=  
 
The gross assimilation rate can also be expressed in kg of produced CH2O per 
hectare per day. Therefore, the gross assimilation rate in CO2 should be multiplied 
with the ratio of the molecular weights and a factor 104: 
 
11
2
44 dha OCH kg 36410
44
300.036410
44
30GASS'GASS −−=××=××=  
 
I.5. Maintenance respiration 
In order to initiate the biomass production model, the produced biomass on the first 
half of the first day of the crop cycle has been calculated, neglecting the respiration 
losses. For October 1st, the maintenance respiration has been calculated according 
to this principle. The biomass produced during the first half of this day has been 
estimated at 1 kg (DM) ha-1. The relative maintenance respiration rate for common 
bean, a protein rich crop, is 0.025. Mean temperature during this day was 20.4 °C. 
The equation for the maintenance respiration rate thus yielded: 
 
( ) 11
2
102021.2 dha OCH kg 0.027120.025MRES −−− =××=  
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For all other days of the crop cycle, the maintenance respiration has been 
calculated based on the dry matter accumulated at the beginning of that day.  
 
At the start of December 1st, the accumulated biomass amounted to                
6382 kg CH2O ha-1. The energy required for maintaining this biomass during the 
day has been estimated at 
 
( ) 11
2
10202.21 dO ha kg CH17363822025.0MRES −−− =××=  
I.6. Growth and dry matter accumulation 
The net assimilation rate, supplying the carbohydrates for new dry matter 
production, is given by the difference between the gross assimilation rate and the 
maintenance respiration rate. Multiplying the net assimilation rate with the 
conversion efficiency yields the biomass increase, in dry matter, during that day. 
These daily dry matter increases have been summed to yield the biomass, 
accumulated during the crop cycle, or the RPP.   
 
On December 1st, the net assimilation rate was  
 
11
2 dha OCH kg 190173364MRESGASSNASS
−−
=−=−=  
 
Taking into account a conversion efficiency of common bean rated at                
0.65 kg DM kg-1 CH2O, the dry matter increase during this day amounted to: 
 
11d kg DM ha12419065.0NASSEgDMI −−=×=×=  
 
The dry matter accumulated at the beginning of this day was 6382 kg DM ha-1. By 
the end of the day, the dry matter weight increased to 6506 kg DM ha-1. 
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Fig. I.6 shows the evolution of the gross photosynthetic rate, the maintenance 
respiration rate and the net assimilation rate during the crop cycle. The rather 
irregular pattern is due to the daily changes in sunshine hours and mean 
temperature. Replacing these daily values of actual sunshine hours and mean 
temperature by their average during the crop cycle illustrates this dependence.  
 
Remarkable is also that the maintenance costs exceed the gross assimilation at the 
end of the crop cycle. In that case, crop growth stops. 
I.7. Harvest index and yield of economically useful crop organs 
At the end of the crop cycle, the crop dry matter increased to 9976 kg DM ha-1 or 
about 10 t ha-1. However, only the dry beans were to be harvested, corresponding to 
30 % of the total crop. Consequently, the economically useful yield has been 
estimated at 3.0 t ha-1. 
 
The RPP of common bean, sown on October 1st, near Kigali, thus has been 
estimated at 3.0 t ha-1 dry beans. 
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ANNEX II: WPP – INPUT DATA AND EXAMPLE 
II.1. Soil profiles 
Duha 
The Duha soil series belongs to the “clayey, kaolinitic, isohyperthermic Tropeptic 
Haplorthox” (Soil Survey Staff, 1975). This series groups soils that developed 
from schists. It are well drained, deep and very strongly weathered, red, clayey 
soils. Table II.1 summarises the main physical properties affecting root growth and 
water availability of the selected profile. Simulation of the water balance has been 
conducted over the first 2 m of this profile. Within this depth, none of its physical 
properties indicated the presence of root restricting layers, except for the saprolitic 
material in the lowest horizon. The maximum rooting depth has therefore been 
limited to 1.65 m. The bulk density of the topsoil is rather high. Low amounts of 
crop available water are retained by the soil. The difference between the soil 
moisture content at field capacity and wilting point is only about  5 vol% or 50 mm 
m-1.  
Kabira 
The Kabira soil series belongs to the “clayey, kaolinitic, isothermic Humoxic 
Sombrihumults” (Soil Survey Staff, 1975). This series groups soils that developed 
from schists. It are well drained, deep and strongly weathered, red, clayey soils. 
The physical properties of the selected profile are favourable for root growth. It is 
only at a depth of 1.60 m that gravel and saprolitic material restrict the 
penetrability. The maximum rooting depth has been set at 1.60 m, while the 
simulations have been run up to a depth of 1.85 m.  
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The topsoil has a water holding capacity of about 60 mm m-1. Up to a depth of   
1.40 m the soil can hold about 10 vol% or 100 mm m-1 of water available for crops. 
The lowest horizon within the maximum rooting depth holds only 70 mm m-1 water 
available for plant uptake (Table II.2).  
Kayanza 
The Kayanza soil series belongs to the “loamy-skeletal, mixed, isothermic Typic 
Humitropepts” (Soil Survey Staff, 1975). This series groups soils that developed 
from acid igneous rocks, such as granite. It are well-drained, moderately deep and 
moderately weathered, yellow, sandy clay soils. Table II.3 summarises the most 
important physical properties of the profile representing this series. The high 
stoniness of the topsoil is remarkable. Nevertheless, the profile description reported 
significant amounts of roots of very different sizes. Also the subsoil is quite 
gravely, but never really limits the development of roots. The bulk density is high, 
but it is only at a depth of 0.93 m that very dense saprolitic tongues reduce the 
penetrability of the soil considerably. The root restricting layer consequently has 
been put at a depth of 0.93 m, while the water balance has been simulated over a 
depth of 1.68 m. The high bulk density is reflected in a low porosity. The water 
holding capacity of the different horizons is strongly reduced by the presence of 
coarse fragments, occupying parts of the soil volume that can’t be filled with water. 
Within the maximum rooting depth, the amount of plant available water varies 
between 50 and 110 mm m-1. 
Maya 
The Maya soil series belongs to the “medial over fragmental, isothermic Typic 
Dystrandepts” (Soil Survey Staff, 1975). This series groups soils that developed 
from volcanic material, overlying lava. It are well drained, slightly weathered, 
medial soils. The contact with the lava limits their depth between 0.50 and 1.00 m.  
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In the profile representing the Maya series, the depth of the non-weathered lava 
varies from 0.38 to 0.80 m (Table II.4). During the model runs, the lithic contact 
corresponding to the root restricting layer has been simulated at a depth of 0.60 m. 
The low bulk density and high porosity are characteristic for volcanic soils. 
Volcanic deposits also retain high amounts of water. About 140 to 180 mm m-1 of 
water can be retained for crop growth in both Ap horizons.  
Cyangugu 
The Cyangugu soil series belongs to the “clayey, kaolinitic, isothermic Orthoxic 
Palehumults” (Soil Survey Staff, 1975). This series groups soils that developed 
from basaltic rocks. It are well drained, deep and strongly weathered, red, very fine 
clayey soils. From Table II.5 it is clear that there is no root restricting layer within 
0.90 m depth. The low bulk density refers to the volcanic origin of the parent 
material. Only the first and third horizon had been analysed with respect to their 
water retention capacity. The characteristics of the first horizon have been used for 
quantifying the water retention in the topsoil. The analysis results of the third 
horizon have been used to characterise the subsoil. The soil series is characterised 
by a low bulk density and high porosity. However, although high amounts of water 
can be retained, only small amounts are really available for the crop. The plant 
available water is about 30 mm m-1 in all horizons.  
Nyamatebe 
The Nyamatebe soil series belongs to the “fine, mixed, isohyperthermic Cumulic 
Haplaquolls” (Soil Survey Staff, 1975). This series groups soils that developed 
from alluvial material. It are poorly drained, moderately weathered, yellow, clayey 
soils.  Table II.6 summarises the main physical properties of the profile under 
consideration. Bulk density measurements hadn’t been conducted. An average bulk 
density of 1,200 kg m-³ has been assumed.  
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This allowed to estimate the porosity and to express the soil moisture contents at 
field capacity and wilting point in volume percentages. Of course, the correctness 
of the results should be queried. No root restricting layers have been found in the 
profile, except for the presence of a shallow water table at a depth of 0.40 m. This 
alluvial material retains about 190 mm m-1 of water that is also available for 
uptake.  
Muganza 
The Muganza soil series belongs to the “coarse silty over loamy, mixed 
isohyperthermic Fluventic Ustropepts” (Soil Survey Staff, 1975). This series is 
grouping all soils that developed from colluvium of basaltic material. They are well 
drained, deep and moderately weathered, yellow, sandy loam soils. Table II.7 
summarises the main physical properties of the Muganza profile under 
consideration. The main properties affecting the water retention had only been 
measured for the upper two horizons. The data of the lowest horizon thus had to be 
extrapolated to the deeper subsoil, up to 1.00 m depth. According to the profile 
description, the topsoil was moist and friable. The subsoil was dry and its 
consistency evolved from hard to very hard with depth. No root restricting layers 
have been identified within the simulated soil depth of 1.00 m. The amounts of 
plant available water decrease with depth from about 90 to 80 mm m-1.  
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II.2. Climatic records 
Karama 
The meteorological station of Karama is located at an altitude of 1,403 m, on a 
plateau within the centre of the Bugesera. This station characterises the low rainfall 
regions of the Eastern Savannas and the central Bugesera. During the agricultural 
year 1978, the station recorded 874 mm rainfall, an average maximum temperature 
of 28.0 °C and an average minimum temperature of 15.4 °C. The rainfall events 
generally were erratic. It was only by the end of October that it rained regularly. A 
short dry season had been recorded during the first half of February. From the 
second half of February to the first half of May, there was a second rainy season. 
This was followed by a long dry period. The daily temperature and rainfall data 
recorded in this station during the agricultural year 1978 have been illustrated in 
Fig. II.1.   
Kigali airport 
The airport of Kigali is situated at an altitude of 1,495 m. In the agricultural year 
1985 an average maximum temperature of 26.1 °C and an average minimum 
temperature of 15.2 °C had been recorded. Total rainfall amounted to 1,028 mm. 
Daily rainfall, maximum and minimum temperatures have been illustrated in Fig. 
II.2. The daily climatic data set has been used to represent the climatic conditions 
on the plateaus of the East. Erratic stormy rainfall events or light drizzles alternated 
with dry periods. The first rainy season started with some moderate showers in 
August. However, short dry periods were recorded during September, December, 
January, February and March. The long dry period finally started in the second half 
of May.  
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Kamembe 
The meteorological station of Kamembe is located near the Kivu Lake, at an 
altitude of 1,591 m, in the agricultural region of the Impara. Despite its altitude, the 
temperature regime is characterised by moderate maximum and minimum 
temperatures. An average maximum temperature of 25.5 °C and an average 
minimum temperature of 13.4 °C had been recorded during the agricultural year 
1975. The first rains of this agricultural year came in the beginning of September. 
The rainfall events, however, were still quite erratic and short dry periods 
alternated with drizzles or moderate showers. It was only in October that the 
rainfall events became more frequent. Especially during November, it rained 
almost daily. During the second half of December and in the middle of January the 
rains became erratic again, although it was difficult to delineate a real dry season 
during these months. Except for a few moderate showers in the middle of June, the 
second rainy season stopped by the end of May. In total, it rained 1,476 mm, with 
some stormy events recorded during February and April (Fig. II.3).  
Gitarama 
Gitarama is situated at an altitude of 1,850 m in the agricultural zone of the Central 
Plateau. Total rainfall attained only 1,183 mm, despite its altitude. Also the 
frequency of rainfall events was relatively low (Fig. II.4). The short rainy season of 
the agricultural year 1988 started by the end of September 1987. October, however, 
was quite dry, and regular rainfall events were limited to the month of November. 
The short dry season lasted from December to January. A stormy rainfall event 
announced the start of the long rainy season, which finally lasted only to the 
beginning of May. Unlike rainfall, the temperatures measured in this station were 
still favourable: an average maximum temperature of 25.7 °C and an average 
minimum temperature of    11.6 °C had been recorded.  
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Musanze 
Situated at an altitude of 1,880 m in the volcanic plains, this dataset characterises 
the climatic environment of the agricultural fields near the volcanic range. At this 
altitude, the average maximum temperature during the agricultural year 1986 
amounted to 23.2 °C. An average minimum temperature of 12.4 °C had been 
recorded too. During the rainy seasons, from September to the first half of 
December, and from the second half of January to the beginning of June, the 
rainfall events were less stormy than in the lowlands, but more regularly 
distributed. Especially during March and April it rained almost daily. The total 
rainfall during the agricultural season was 1,325 mm (Fig. II.5).  
Kitabi 
Kitabi is located on the Congo-Nile Watershed Divide, at an altitude of 1,975 m. 
The agricultural year under consideration was that of 1988. During this year, the 
average maximum temperature was 22.4 °C, while the average minimum 
temperature was limited to only 11.1 °C. The start of the first rainy season of the 
agricultural year was rather unclear. Some moderate rainfall events have been 
recorded in August, but each time they were interrupted by several dry days (Fig. 
II.6). It is only in the middle of September that the rainfall events were less erratic. 
This situation held until the end of May. A few drier days in November and the 
short dry period at the end of December have been noted, although no real short 
dry period could be delineated. From all selected stations, the total rainfall amount, 
recorded in Kitabi was the highest: 1,716 mm. 
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II.3. DAMUWAB: an example 
In order to illustrate the modelling procedure and the behaviour of the different 
parameters affecting the soil water balance and biomass production, the calculation 
of the WPP of common bean, sown on the 1st of October 1986, on a field near 
Kigali has been discussed in detail below. The field is characterised by a degree of 
declination of 1 % and the soil is belonging to the Duha series.  
 
II.3.1. Input data 
Station  name  Kigali  
  latitude  -1.97 °S = -0.034 rad 
  altitude  1,495 m  
 
Climate  daily climatic data of the agricultural year 1987 
 
Landscape rolling landscape; plateau position; flat, declination of 1% 
  
Soil  soil series Duha 
 profile n° 1.18-096.0020 
classification Tropeptic Haplorthox (Soil Survey Staff, 1975) 
 
No permanent physical properties that limit root development have 
been identified. Nevertheless, temporarily low moisture contents 
still can retard root growth. 
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Crop  name  common bean 
  type  C3 
    protein rich, thus Rm = 0.025 kg(CH2O) kg-1(DM) 
        Eg  = 0.65 kg(DM) kg-1(CH2O) 
  
cycle  total  90 days  01/10 – 29/12 
  initiation 13 days  01/10 – 13/10 
  crop develop.  23 days  14/10 –05/11 
  mid-season 36 days  06/11 – 11/12 
  late-season 18 days  12/12 – 29/12 
 
  max. rooting depth  0.70 m 
   
max. crop height  0.40 m 
 
  LAI   3.5 m² m-² at the end of crop development 
    max. 4.0 m² m-² during mid-season 
 
  Kcb  initial  0.15 
    mid-season 1.10  
    late-season 0.25 
 
  p  0.41 for ET of about 5 mm d-1 (fine textured soil) 
  
Management sowing date: October 1st, 1986 
the dry beans are harvested 
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II.3.2. Water balance from August to October 
Although the soil profile data were sufficient to roughly describe the water 
retention properties of the different soil compartments, the main question still 
remained unsolved. In order to have an idea of the initial moisture content of the 
profile at the start of the crop cycle, a water balance was simulated, starting from 
the middle of the dry period, the 1st of August. The simulation ended on the last 
day of September, giving the initial soil moisture content over the whole profile at 
the beginning of the crop cycle.  
 
The Duha soil profile has been described up to 2 m depth. No root restricting layers 
were identified, while the groundwater table was found at a much greater depth. 
Consequently, the soil volume that was taken into account during the simulation 
extended to 2 m. Up to the first meter, soil compartments of 0.10 m were created. 
In the lower part, the original soil horizon boundaries, described during the soil 
survey, were used to define the deeper soil compartments. The soil moisture 
characteristics of these different soil compartments at the beginning of August have 
been summarised in Table II.8. In the lowland areas, the soil moisture profile in the 
beginning of August was characterised by the air-dry topsoil. The soil water within 
the maximum root zone of the previous crop (common bean) has been depleted up 
to the wilting point. The deeper subsoil layers were characterised by a soil moisture 
content corresponding to field capacity.  
 
From the beginning of August to the end of September, a bare soil surface has been 
assumed. The daily water balance was simulated by taking into account water 
supplied by rainfall and water lost by evaporation. Daily maximum and minimum 
temperatures, rainfall amounts, minimum and maximum relative humidity, wind 
speed and sunshine duration were required climatic input data. Calculation of the 
Annex II 
 
 412
different parameters on a single day, the 3rd of September 1986, has been discussed 
below, together with the parameter evolution during the whole simulation period.  
 
Table II.8: Soil moisture retention and initial soil moisture content of the soil 
compartments in the Duha profile at the beginning of August 
layer ubnda lbndb dc SMstd SMfc SMwp SMad SMini 
(-) (m) (m) (m) (vol%) (vol%) (vol%) (vol%) (vol%) 
1 0.00 0.10 0.10 43 25 20 7 7 
2 0.10 0.20 0.10 43 25 20 7 20 
3 0.20 0.30 0.10 45 27 22 7 22 
4 0.30 0.40 0.10 45 27 22 7 22 
5 0.40 0.50 0.10 48 26 20 7 20 
6 0.50 0.60 0.10 48 26 20 7 20 
7 0.60 0.70 0.10 48 26 20 7 20 
8 0.70 0.80 0.10 48 25 20 7 25 
9 0.80 0.90 0.10 46 26 21 7 26 
10 0.90 1.00 0.10 46 27 22 7 27 
11 1.00 1.20 0.20 46 27 22 7 27 
12 1.20 1.40 0.20 40 31 25 9 31 
13 1.40 1.65 0.25 42 36 29 10 36 
14 1.65 2.00 0.35 43 36 30 10 36 
a  depth of the upper boundary of the soil compartment  
b  depth of its lower boundary 
c thickness of the compartment  
d SM: soil moisture content; st: saturation; fc: field capacity; wp: wilting point; ad: ai- dry; 
ini: initial 
 
Evaporation 
• Reference evapotranspiration 
In Kigali, located at –0.034 radians southern latitude, the climatic conditions were 
characterised by a maximum temperature of 24.6 °C and a minimum temperature 
of 15.1°C, on September 3rd. The relative humidity ranged between a maximum 
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value of 95 % and a minimum value of 59 %. An average daily wind speed of     
2.2 m/s and 1.3 hours of sunshine had been recorded too.  
 
The net incoming short-wave radiation has been estimated at 6.54 MJ/m²day, the 
net outgoing long-wave radiation amounted to 1.23 MJ/m²day. Consequently,   
5.31 MJ/m²day of energy was available at the surface for evaporation of water. The 
Penman-Monteith reference evapotranspiration has been quantified as: 
 
211ETETET radaero0 =+=+= mm  
 
• Maximum evaporation 
The basal crop coefficient of the bare soil surface was set at 0.15, while the 
maximum crop coefficient equalled 1.20. As such, the complete soil surface was 
subjected to evaporation, and consequently the evaporation coefficient equalled: 
 ( ) ( ) 05.120.1,15.020.1minKf,KKminK max,cewcbmax,ce =−=×−=  
 
The maximum daily evaporation when the soil surface was recently wetted, 
amounted to: 
 
2205.1ETKE 0em =×=×= mm 
 
• Actual evaporation 
In the morning, the upper soil compartment contained 7 mm of water. The air-dry 
topsoil formed a mulch layer and prevented further drying of the subsoil. No water 
was lost through evaporation.  
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0
07.025.0
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ev =
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−
=
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mm 
 
0205.10EKRE meeva =××=××= mm  
 
The daily evolution of rainfall, maximum evaporation and actual evaporation has 
been presented in Fig. II.7. From August to October it rained only rarely. Each 
significant rainfall event was followed by a period of evaporation. The rainfall 
amounts were just enough to wet the topsoil slightly and increase the evaporation 
rate during the following days. 
 
0
1
2
3
4
5
6
7
8
08-01 08-11 08-21 08-31 09-10 09-20 09-30
date
ra
in
fa
ll 
an
d 
ev
ap
or
at
io
n 
(m
m
)
P
Em
Ea
 
Fig. II.7: Rainfall (P), maximum (Em) and actual (Ea) daily evaporation from the 
bare soil surface during August and September 1986 near Kigali on a    
1 % sloping field with a soil of the Duha series 
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Percolation 
• Preliminary soil moisture content 
Without any evaporation going on, the soil moisture content of the topsoil 
remained unchanged.  
• Preliminary percolation 
Two conditions need to be fulfilled before the water effectively drains from one 
horizon to another. The water content of the overlying horizon must exceed field 
capacity and the uptake capacity of the underlying horizon must be sufficient. In 
some cases, only part of the water excess of the overlying horizon percolates 
towards the moist subsoil. On September 3rd, however, as the soil moisture content 
of the topsoil was below field capacity, all water was held within that horizon and 
no water tended to percolate towards lower compartments. The preliminary amount 
of infiltrating water was 0 mm. 
• Uptake capacity of the underlying horizon 
In the morning, the soil moisture content of the subsoil still corresponded to the 
initial situation on the 1st of August since no water had yet been percolating from 
the topsoil towards the lower compartments. With the soil moisture content at the 
beginning of the day corresponding to wilting point, the uptake capacity of the 2nd 
soil compartment was quite high: 
 
( ) ( ) 2310.01010020.043.0d10100PC tsatmax =×××−=×××−= θθ mm 
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• Actual percolation 
The uptake capacity of the 2nd soil compartment was not limiting the percolation of 
water. Nevertheless, no water was percolating from the upper soil layer. 
• Soil moisture content of the topsoil 
At this step in the simulation run, the preliminary soil moisture content of the 
topsoil, taking into account losses of water due to evaporation and percolation, was 
given by: 
 
7007PCESMSM aaipr =−−=−−= mm 
• Soil moisture content of the underlying horizons 
No water was moving downwards, and the soil moisture content of the subsoil 
remained unaltered. 
Infiltration 
All rainfall infiltrates if the uptake capacity of the topsoil is sufficient. If this is not 
the case, the excess of water needs to be temporarily stored on the soil surface or 
runs off when also the surface storage capacity is exceeded. The water supply 
through rainfall amounted to 3 mm. 
• Preliminary infiltration 
The preliminary amount of infiltrating water was given by the sum of rainfall and 
initial surface storage at the beginning of the day. The previous rainfall amounts 
were just enough to wet the topsoil and consequently, and no water was stored on 
the surface.  
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303SSPI ipr =+=+= mm  
• Maximum infiltration 
The daily uptake capacity of the topsoil was determined by the difference between 
its actual moisture content and its saturated moisture content.  
 
( ) ( ) 3610.01010007.043.0d10100I isatmax =×××−=×××−= θθ mm  
 
• Actual infiltration 
All water supplied at the soil surface infiltrated during the day as the maximum 
infiltration rate largely exceeded the preliminary infiltration rate: 
 ( ) 3I,IminI maxpra == mm 
 
• Surface infiltration 
The maximum amount of water that could be stored at the soil surface has been 
quantified as: 
 
( ) ( ) ( )
φ×σ×
φ−σ+φ+σ
×
σ
φ−σ
××=
coscos2
cotcot
sin
²sind5.0SSmax          
            ( ) ( ) ( )
010.0cos524.0cos2
010.0542.0cot010.0524.0cot
524.0sin
010.0524.0²sind5.0
××
−++
×
−
××=  
            10= mm 
 
In the absence of severe rainstorms or a high water content of the topsoil on the 3rd 
of September, no water needed to be stored on the soil surface. 
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0SSe = mm 
• Run-off  
Water losses due to run-off were quantified by subtracting the amount of actually 
infiltrating water (Ia) and the amount of water stored on the soil surface (SSe) from 
the amount of preliminary infiltrating water. On September 3rd, all water supplied 
to the soil surface infiltrated, and consequently, run-off was not taken into 
consideration. 
Soil moisture content at the end of the day 
Finally, the amount of water stored in the soil compartment at the end of the day, 
has been quantified by taking into account losses through evaporation and 
percolation, and additions through infiltration (topsoil) or incoming percolating 
water (subsoil). When applying this procedure to the topsoil, its soil moisture 
content at the end of the day was given by: 
 
103007IPCESMSM aaaie =+−−=+−−= mm 
 
10.0
10.010100
10
d10100
SMe
e =
××
=
××
=θ cm³ cm-³ 
 
The soil moisture profile of the subsoil remained unaltered during the whole 
period. At the beginning of the crop cycle, the first rains still were to come. An 
overview of the changes in soil moisture stored in the topsoil (SMact) has been 
given in Fig. II.8. Also the soil moisture content at saturation (SMst), field capacity 
(SMfc), wilting point (SMwp), and the moisture content of air-dry soil (SMad) has 
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been illustrated. At the end of September, its soil water reserve was estimated at 7 
mm. 
 
Fig. II.8: Soil moisture content of the topsoil (0-0.10 m) with a bare soil surface 
during August and September 1986 near Kigali 
II.3.3. Water balance during the crop cycle 
The calculation of the water balance when the soil was cultivated generally passed 
through the same procedures as those that were described above. Most important 
changes came from the calculation of the rooting depth and the quantification of 
the water that was transpired by those roots. Some of the calculations driving the 
water balance have been outlined below. 
 
With respect to the definition of the soil compartments, nothing was changed, 
except for the initial soil moisture content of the topsoil, which has been estimated 
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at 7 mm during the previously discussed simulation run. All the other horizons 
within the maximum rooting depth were at wilting point. 
Evaporation 
• Reference evapotranspiration 
On October 30th, the climatic conditions near Kigali, located at –0.034 rad southern 
latitude, were characterised by a maximum temperature of 27.0 °C and a minimum 
temperature of 15.8 °C. The relative humidity ranged between a maximum value of 
98 % and a minimum value of 47 %. An average daily wind speed of 2.3 m/s and 
5.6 hours of sunshine have been recorded too. The Penman-Monteith reference 
evapotranspiration was quantified as follows: 
 
4ETETET radaero0 =+= mm 
 
• Maximum evaporation 
As the developing crop covered part of the soil surface, the evaporation coefficient, 
relating the reference evapotranspiration to the maximum evaporation was 
calculated by: 
[ ]max,cewcbmax,ce Kf,KKminK ×−=  
 
On October 30th, the crop was in its crop development stage and consequently, its 
leaf area and ground cover increased every day. It was the 17th day of the crop 
development stage, which lasted for 23 days in total. During that stage, the basal 
crop coefficient was evolving from its constant level of the initial stage, being 0.15, 
to the coefficient of the mid-season stage, equalling 1.07. This latter value has been 
calculated based on the tabulated basal crop coefficient of beans, but was modified 
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in order to take into account the specific crop height, the average wind speed, and 
average minimum humidity during the mid-season. The basal crop coefficient at 
the start of the day was calculated by: 
 
( ) ( )
cdlength
daysnKKKK cb,inicb,midcb,inicb
−
°
×−+=  
        ( ) 79.0
23
1615.007.115.0 =×−+=  
 
Once the basal crop coefficient was estimated, the maximum value of the crop 
coefficient could be assessed too: 
( ) ( )( ) { }



+









×−×−−×+= 05.0K,
3
h45RH004.02u04.02.1maxK cb
3.0
min2max,c
 
In order to solve this formula, the actual crop height needed to be estimated. It has 
been assumed that the crop grew in height until the end of crop development. The 
maximum height of beans was set at 0.40 m. On this day, the crop thus attained a 
height of: 
 
32.0
36
2940.0h =×= m 
 
By inserting these data into the formula, the maximum crop coefficient equalled: 
 
( ) ( )( ) { }



+









×−×−−×+= 05.079.0,
3
32.04547004.023.204.02.1maxK
3.0
max,c
 
 20.1=   
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The crop also covered some part of the soil that was not contributing to the 
evaporation process. Based on a leaf area index of about 2.82 m² m-², the ground 
cover has been estimated at 0.82. The fraction of the soil that was exposed and 
wetted, few, thus amounted to only 18 % of the totally cultivated soil surface.  
 
18.0few =  
 
With all data required to determine the evaporation coefficient calculated, the 
maximum evaporation on that day was estimated: 
 
( ) =×−= 20.118.0,79.020.1minKe 0.22 
 
1422.0ETKE 0em =×=×= mm 
 
• Actual evaporation 
A rainfall event of 12 mm moistened the topsoil in the late afternoon of October 
29th.  In the morning of the next day, the upper soil layer still contained 31 vol% 
water, and thus exceeded the moisture content at field capacity. Consequently, the 
evaporation reduction coefficient equalled 1. Evaporation occurred at its maximum 
rate. During this day 1 mm of water was lost from the topsoil to the atmosphere.  
 
1422.000.1EKRE meeva =××=××= mm  
 
The evolution of rainfall, maximum evaporation and actual evaporation has been 
presented in Fig. II.9. At the start of the crop cycle, when the soil surface was 
hardly protected, the maximum evaporation rate was still high, while the actual 
amount of water that was transpired daily was strongly limited, due to a delay in 
root development following the erratic and insignificant rainfall events.  
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Especially during the second half of October and during November, regularly 
occurring showers moistened the soil. Beneath the developing and shading crop, 
the evaporation losses were strongly reduced. Fig. II.10 illustrates the 
corresponding evolution of the maximum and basal crop coefficient and the 
evaporation coefficient. 
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Fig. II.10: Maximum (Kc,max) and basal crop coefficient (Kcb) and the 
evaporation coefficient (Ke) for common bean cultivated during 
season A of the agricultural year 1987 near Kigali  
Transpiration 
• Maximum transpiration 
Once the basal crop coefficient was calculated, the maximum daily transpiration 
was quantified as: 
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3479.0ETKT 0cbm =×=×= mm 
 
The actual amount of water that was transpired depended on the soil moisture 
conditions of the root zone.  
• Rooting depth 
No root restricting layers have been reported and there was no shallow 
groundwater table affecting root growth. The optimal rooting depth thus has been 
calculated assuming that roots grew at a constant rate, given by the ratio of the total 
rooting depth and the length of the crop cycle until the end of crop development. 
However, soil compartments with soil moisture contents corresponding to wilting 
point or less, have been equally defined as root restricting layers. This explains the 
very late development of the root system in Kigali, when beans were sown before 
the real start of the rains. It was only after a few weeks that the root system 
developed at its optimal growth rate. Fig. II.11 illustrates the evolution of the 
rooting depth during the crop cycle. The harsh conditions in the beginning of the 
crop cycle were reflected in a rooting depth that was 0.30 m smaller than in optimal 
growing conditions.   
 
At the end of October 29th, the root system reached only 0.23 m deep. During the 
next day, under optimal conditions, they could grow 0.02 m deeper: 
 
25.0
36
70.023.0
daystomid
RD
RDRD totprevopt =+=+= m 
 
Whether this new rooting depth actually could be attained, depended on the soil 
moisture content of the third soil layer, which they exploited. 
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Fig. II.11: Optimal (RDopt) and actual rooting depth (RDact) of common bean, 
cultivated during season A of the agricultural year 1987 near Kigali 
on a soil of the Duha series 
 
On October 30th, this compartment contained 26 mm water and was to close field 
capacity. An optimal root growth thus was guaranteed during this day. 
  
25.0RDRD opttot == m 
 
The roots occupied 3 different soil compartments. As long as the rooting depth was 
limited to 0.30 m, no differentiation in root activities has been taken into account. 
The maximum uptake of water from the 3 soil compartments has been determined 
by: 
 
1340.03
25.0
10.0T
RD
d
T m
tot
1
1,m =×=×=×= mm 
1340.03
25.0
10.0T
RD
d
T m
tot
2
2,m =×=×=×= mm 
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1320.03
25.0
05.0T
RD
d
T m
tot
3
3,m =×=×=×= mm 
• Actual transpiration 
A quantification of the possible effects of water stress required the daily 
determination of the critical moisture content. The soil water depletion fraction for 
no stress amounted to 0.45.  
 
( ) 45.0)45(04.041.0ET504.0pp ctable =−×+=−×+=  
 
Water can be extracted from the topsoil at the maximum rate, as long as its soil 
moisture content is at least 23 mm.  
 
( ) ( )1,wp1,fc1,wp1,ws p1 θθθθ −×−+=  
         ( ) ( ) 23.020.025.045.0120.0 =−×−+= cm³ cm-³ 
 
The water retention properties of the second compartment being equal to the 
topsoil, the same critical soil moisture content was returned for this former 
compartment. The critical soil moisture content of the third horizon has been given 
by: 
 
( ) ( )3,wp3,fc3,wp3,ws p1 θθθθ −×−+=   
         ( ) ( ) 25.022.027.045.0122.0 =−×−+= cm³ cm-³ 
 
With the actual soil moisture content over field capacity, the water stress 
coefficient of the topsoil was estimated at a value of 1.00. Also the water content of 
the third horizon, being 26 vol% exceeded the critical value for water stress. 
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Sufficient amounts of water were available in both horizons to allow an optimal 
supply to the crop roots.  
 
00.1RR 3,ws1,ws ==  
 
The second soil compartment initially was at wilting point and consequently the 
water stress coefficient for the roots exploiting this compartment was given by: 
 
0
20.023.0
20.020.0R
wpws
wpt
2,ws =
−
−
=
−
−
=
θθ
θθ
 
 
As long as the soil moisture content was 33 mm or less, no problems were to be 
expected with regard to the availability of oxygen stress. The oxygen stress 
coefficient in all three horizons thus equalled 1.  
 
00.1RRR 3,os2,os1,os ===  
 
Next, the actual uptake of transpiration water in all 3 rooted soil compartments was 
quantified.  
 
1100.100.1TRRT 1,m1,os1,ws1,a =××=××= mm 
0100.100.0TRRT 2,m2,os2,ws2,a =××=××= mm 
1100.100.1TRRT 3,m3,os3,ws3,a =××=××= mm 
 
Fig. II.12 illustrates the high temporal variability in the total actual transpiration of 
the crop. The evolution of the basal crop coefficient is still visible, increasing the 
transpiration requirements significantly during the mid-season. Water stress and 
delayed root growth were responsible for the low actual amounts of water that were 
transpired in the beginning of the crop cycle. The reduction in transpiration during 
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the second part of the crop cycle originated predominantly from the sub-optimal 
development of the root system, restricting the total amount of water that could be 
extracted from the soil.  
Percolation 
Before quantifying the amount of water percolating towards lower horizons, a 
preliminary soil moisture content of the soil compartments was to be calculated, 
taking into account both evaporation and transpiration.  
• Preliminary moisture content 
During October 30th, 1 mm of water was evaporated. The roots occupying the 
topsoil transpired 1 mm of water. This resulted in the soil moisture content of  
 
291131TESMSM 1,a1,a1,i1,pr =−−=−−= mm 
 
The preliminary soil moisture content of the second and third soil compartment 
was given by: 
 
20020TSMSM 2,a2,i2,pr =−=−= mm 
26126TSMSM 3,a3,i3,pr =−=−= mm 
 
As the soil moisture content of the second and third soil compartment were still 
below field capacity, no percolation of water was to be simulated. However, water 
moved from the topsoil towards the subsoil. 
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• Preliminary percolation 
The soil moisture content of the topsoil exceeded field capacity, and the excess 
amount of water tended to percolate towards the second soil compartment. 
 ( ) ( ) 410.01010025.029.0d10100PC 11,fc1,pr1,pr =×××−=×××−= θθ mm 
• Maximum percolation 
The amount of water effectively percolating towards the second soil compartment 
depended on its soil moisture content. As this second compartment contained        
20 mm of water, the percolation was limited to 23 mm. 
 ( ) ( ) 2310.01010020.043.0d10100PC 22,pr2,sat1,m =×××−=×××−= θθ mm 
• Actual percolation 
The uptake capacity of the second horizon was not limiting the percolation of water 
from the topsoil.  
 
4PC 1,a = mm 
 
This redistribution of water brought the soil moisture content of the topsoil 
temporarily back at field capacity.  
Infiltration 
Next to the quantification of the losses of water, the water supply to each of the 
horizons through infiltration or percolation needed to be assessed. On October 30th, 
it was raining 17 mm. Initially, there was no water stored on the soil surface. 
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• Preliminary infiltration 
During the day, the water supplied to the soil surface amounted to 17 mm.  
 
17017SSPI ipr =+=+= mm 
• Maximum infiltration 
The topsoil was at field capacity, and its uptake capacity was given by: 
 ( ) ( ) 1810.01010025.043.0d10100I 11,pr1,sat1,m =×××−=×××−= θθ mm 
• Actual infiltration 
Although the topsoil was already moist, all rainfall water could infiltrate during 
that day and no water was ponding on the soil surface. No water was lost to run-
off.  
 
17I 1,a = mm 
0SSe = mm, 0SR = mm 
 
Nevertheless, this brought the moisture content of the topsoil at a level exceeding 
field capacity. This excess of water thus percolated towards the lower horizons 
during the next day.  
 
With regard to the percolation water supplying the second soil compartment, these 
calculations had already been performed when calculating the percolation of water 
from the topsoil, taking into account the uptake capacity of the second soil 
compartment.   
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4I 2,a = mm 
 
No water was percolating from the relatively dry second soil compartment to the 
third compartment.  
 
0I 3,a = mm 
Soil moisture content at the end of the day 
The soil moisture content of the topsoil has been estimated by quantifying the 
evaporation, transpiration, percolation and infiltration of rainwater.  
 
421741131IPCTESMSM 1,a1,a1,a1,a1,i1,e =+−−−=+−−−= mm 
 
Processes influencing the water balance of the second soil compartment were 
transpiration, percolation and infiltration of percolating water from the topsoil.  
 
2440020IPCTSMSM 2,a2,a2,a2,i2,e =+−−=+−−= mm 
 
Similarly, the soil moisture content of the third compartment equalled:  
 
2500126IPCTSMSM 3,a3,a3,a3,i3,e =+−−=+−−= mm 
 
The evolution of the soil moisture content (SMact) of the two uppermost soil 
compartments has been illustrated in Fig. II.13 and II.14. The soil moisture content 
at saturation, field capacity and wilting point has been abbreviated to SMst, SMfc 
and SMwp, respectively. The moisture content of air-dry soil (SMad), and the 
critical moisture content for aeration (SMos) and water uptake (SMws) have been 
illustrated too.  
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The high variability in the estimated daily soil moisture regime is striking. After a 
shower, the water content of both horizons increased up to field capacity or even 
higher. Problems due to oxygen availability occurred only rarely when it rained 
during several consecutive days. The relatively dry period during the month of 
January was also clearly expressed. The soil moisture content of the topsoil fell 
below wilting point, due to evaporation losses, while the soil moisture of the 
subsoil remained fixed at wilting point during several weeks.   
II.3.4. Dry beans yield during season A of the agricultural year 1987 
Under rainfed conditions, a maximum production, corresponding to the radiation-
thermal production potential, is only attained if the crop transpires at its optimal 
rate during the whole crop cycle. During periods of water or oxygen stress, the 
gross assimilation rate is reduced, resulting in a decrease of the total production. 
On the 30th of October, the actual transpiration rate equalled 2 mm d-1, compared to 
a maximum transpiration rate of 3 mm d-1. 
Ratio actual to maximum transpiration 
The ratio of actual to maximum transpiration on October 30th has been quantified 
as: 
 
67.0
3
2
T
T
m
a
==  
 
Fig. II.15 illustrates the evolution of ratio actual to maximum transpiration rate, 
ranging between 0 and 1. The value of 1 corresponds to an optimal water supply. 
Especially during November and December, several periods characterised by a 
favourable climatic and edaphic environment have been simulated. Reductions in 
the actual transpiration rate originated from water stress or oxygen stress following 
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waterlogging. Periods of water stress resulting in temporary growth stops were 
important in the first half of October. From the mid-season on, the actual 
transpiration attained only 80 % of the maximum transpiration, even though 
regularly optimal growing conditions have been noted. This reduction in 
transpiration, however, was due to the sub-optimal development of the root system, 
reaching only about 0.40 m deep.   
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Fig. II.15: Ratio of actual to maximum daily transpiration of common bean, 
cultivated during season A of the agricultural year 1987 near Kigali 
on a 1 % sloping field with a soil of the Duha series 
Gross assimilation rate, dry matter increase and cumulative dry matter 
production 
In order to estimate the response of common bean to this reduced transpiration rate, 
the crop response factor had to be quantified. On October 30th, common bean was 
in the crop development stage, characterised by a rather high tolerance to water 
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stress, through an increase in the water use efficiency. This has been reflected in a 
crop response factor of 0.2. The gross assimilation rate was modified, taking into 
account the maximum gross assimilation rate under optimal water supply (307 kg 
CH2O ha-1 d-1) and the ratio of actual to maximum transpiration. The net 
assimilation rate amounted to 287 kg CH2O ha-1d-1 instead of 307 kg CH2O ha-1d-1. 
 
max
m
a
yact GASST
T
1K1GASS ×



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

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
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
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The impact of unfavourable conditions during the whole crop cycle on the dry 
matter production has been shown in Fig. II.16. Root growth and biomass 
production was seriously retarded in the beginning of the crop cycle. As the root 
system occupied only the upper 0.40 m, crop performance was also restricted 
during the following months. In addition, the high sensitivity of the beans to water 
stress during flowering and seed-formation, characterised by a crop response factor 
varying between 1.10 and 0.75, explained the high impact of the dry weather. 
 
Leaf area index 
In the beginning of the day, the LAI equalled 2.35 m² m-². Under optimal growing 
conditions, leaf growth would have resulted in an increase of the LAI with by the 
end of the day.  
 
45.2
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Fig. II.16: Cumulative dry matter production of common bean, cultivated during 
season A of the agricultural year 1987 near Kigali under optimal 
water supply (DM-RPP) and under actual rainfed conditions (DM-
WPP) 
 
However, due to some water stress, the biomass production during this day was 
smaller than expected, and consequently, also the expansion of leaves decreased. A 
corrected LAI had to be calculated.  
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Apparently, the small water stress occurring this day had no significant effect on 
the leaf area index. With respect to the evolution of the leaf area index over the 
crop cycle, minor changes have been simulated, except for the delay in growth at 
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the beginning of the crop cycle (Fig. II.17). This resulted in a reduction of the LAI 
at maximum growth rate from 3.5 to 3.1 m² m-².  
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Fig. II.17: LAI of common bean, cultivated during season A of the agricultural 
year 1987 near Kigali under optimal water supply (LAI-RPP) and 
under actual rainfed conditions (LAI-WPP) 
Yield 
Common bean, sown near Kigali on the 1st of October 1986 yielded 2.5 t ha-1 dry 
beans if the crop was optimally supplied with water and nutrients. However, when 
simulating the water balance, some periods of drought and waterlogging were 
reported. When grown under rainfed conditions the crop yielded 2.0 t ha-1 dry 
beans. The production of beans thus was reduced by 20 %. 
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Map 3.1: Altitudinal regions in Rwanda (derived from soil map at scale 1:250,000) 
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Map 3.2: Geomorphologic regions in Rwanda (derived from soil map at scale 
1:250,000) 
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Map 3.4: Associated slope gradient in Rwanda (derived from soil map at scale 
1:250,000) 
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Map 3.7: Soil texture classes of the dominant soil units in Rwanda (derived from 
soil map at scale 1:250,000) 
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Map 3.8: Soil depth classes of the dominant soil units in Rwanda (derived from soil 
map at scale 1:250,000) 
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Map 3.9: Drainage classes of the dominant soil units in Rwanda (derived from soil 
map at scale 1:250,000) 
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Map 3.14: Capability subclasses for erosion control of the dominant soil units in 
Rwanda (derived from soil map at scale 1:250,000) 
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Map 3.15: Capability subclasses for fertility control of the dominant soil units in 
Rwanda (derived from soil map at scale 1:250,000) 
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Map 3.16: Capability subclasses for wetness control of the dominant soil units in 
Rwanda (derived from soil map at scale 1:250,000) 
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Map 4.1: Temperature distribution in Rwanda 
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Map 4.2: Rainfall distribution in Rwanda 
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Map 4.3: Soil moisture and temperature regime in Rwanda 
 
20 0 20 40 Kilometers
N LEGEND
Agro-climatic zones
Imbo
Impara
Kivu Lake Borders
Birunga
Congo-Nile Watershed Divide
Buberuka Highlands
Central Plateau
Eastern Plateau
Eastern Savanna & Central 
Bugesera
Mayaga & Peripheral Bugesera
lake
island
 
Map 4.4: Agro-climatic zones in Rwanda  
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Map 4.5: Weighted average sum of basic cations (Ca, Mg, K) in the upper 
0.25 m of the soil surface of the profiles in the soil database of 
Rwanda 
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Map 6.1: Location of the selected meteorological stations 
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 agricultural zone 
crop 1 2 3 4 5 6 7 8 9 10 11 12 
banana +a + + +  + + + + + +  
cassava ++ + + +    + + ++ + + 
sweet potato + + + +  + ++ + + + + + 
potato    ++ + +       
groundnut + + +     + + + + + 
soybean + + ++    + + + + + + 
common bean + + + +  + + + + + + + 
pea  +  + ++ +       
sorghum  + + +  + + + + + + + 
maize + + + + + + + + + + + + 
coffee  + ++    + + ++  +  
tea  ++ +  ++        
       a + = reported by Delepierre (1974) but of no importance after crop regionalisation 
       + = reported by Delepierre (1974) and regionally important after crop regionalisation 
       ++ = reported by Delepierre (1974) and nationally important after crop regionalisation 
       + = not reported by Delepierre (1974) but regionally important after crop   
             regionalisation 
 
Map 7.1: Selection of the most suitable crops in the agricultural zones in Rwanda  
 
